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The  purpose  of  this  research  is  to  study  the  transient  behavior  of  sojourn 
distributions  of  particular  customers  traversing  networks  of  single-server 
queues.  This  vein  of  research  is  motivated  by  the  need  to  project  completion 
times  of  critical  customers  in  a loaded,  capacitated  queueing  system.  In  par- 
ticular, two  different  systems  are  considered,  serial  networks  with  First-In- 
First-Out  queueing  discipline  and  disassembly-reassembly  networks  which 
consist  of  serial  networks  with  common  beginning  and  ending  queues.  An 
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extensive  literature  search  is  included  which  reveals  a lack  of  significant 


effort  in  this  area. 

An  analytic  model  based  on  a Markovian  state  space  is  developed  to 
determine  to  the  sojourn  distributions.  The  exact  distribution  is  shown 
to  be  the  so-called  generalized  hyper-Erlang.  However,  the  solution  of  the 
model  is  shown  to  be  computationally  infeasible  even  for  relatively  small 
scenarios  as  the  number  of  paths  through  the  state  space  (and  thus  the 
number  of  terms  in  the  distribution)  explodes. 

Given  the  failure  of  the  exact  solution,  heuristic  methodologies  based 
on  the  Central  Limit  Theorem  and  observation  of  the  behavior  of  the  exact 
solution  are  developed  as  an  alternative  to  digital  Monte-Carlo  simulation. 
These  heuristics  are  shown  to  be  accurate  in  approximating  the  mean  and 
variance  of  the  sojourn  distribution  in  a variety  of  application  scenarios. 
The  heuristics  are  also  shown  to  require  minimal  computer  storage  and 
CPU  resources.  As  a result  the  heuristics  are  applicable  to  large-scale,  real 
and  near-real  time  applications. 
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CHAPTER  1 


INTRODUCTION 
1.1  Purpose 

Queueing  networks  have  received  a great  deal  of  attention  in  the  litera- 
ture ever  since  J.R.  Jackson’s  first  paper  on  the  topic  [33]  appeared  in  1957. 
This  interest  has  been  sparked  by  not  only  the  wide  variety  of  intriguing 
theoretical  aspects  of  the  analysis  of  such  problems,  but  also  a seemingly 
boundless  array  of  real  problems  which  can  be  modeled  as  such.  Recent 
advances  in  computer,  communication,  and  manufacturing  technology  only 
seem  to  ensure  that  research  in  this  area  will  continue  to  remain  fruitful 
and  worthwhile. 

The  purpose  of  this  research  is  to  address  two,  as  yet,  largely  unstudied 
aspects  of  queueing  network  problems.  One  aspect,  that  is  of  particular 
interest  in  a host  of  “real-world”  applications,  is  the  sojourn-time  distri- 
bution for  particular  jobs  traversing  some  network  of  queueing  stations. 
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While  much  work  has  been  done  in  determining  such  distributions  under 
“steady-state”  or  equilibrium  conditions,  the  same  cannot  be  said  for  “given 
scenario”  conditions.  A “given  scenario”  is  a given  state  of  the  system  at 
a particular  instant  in  time,  i.e.,  the  load  at  each  queue,  the  status  of  each 
server,  etc. 

The  other  aspect  to  be  addressed  is  a particular  type  of  job  that  may  be 
disassembled  into  component  sub-jobs  and  later  reassembled.  In  general, 
the  disassembly  and  reassembly  may  occur  at  several  levels.  The  genera- 
tion of  the  sub-jobs  and  later  reformation  of  the  parent  can  be  defined  by  a 
project  network  similar  to  a CPM/PERT  network.  This  type  of  job  is  com- 
mon to  such  things  as  maintenance  and  repair  facilities,  communications 
networks,  and  computer  systems  where  parallel  processing  may  occur. 

The  emphasis  of  this  dissertation  will  be  the  presentation  and  evaluation 
of  techniques  for  determining  sojourn-time  distributions  for  particular  jobs 
in  a network  of  queues  where  jobs  may  require  disassembly  and  reassembly. 
Analytic  techniques  will  be  developed  and  shown  to  be  impractical  com- 
putationally for  even  small  problems.  Therefore,  particular  interest  will  be 
paid  to  simple  heuristics  that  can  provide  fast,  accurate  projections  of  job 
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completion  times  under  “given  scenario”  conditions  that  potentially  can  be 
used  in  real  or  near- real  time  applications. 

1.2  Motivation 

The  motivation  for  studying  queueing  systems  of  this  type  stems  from 
production  problems  encountered  by  management  of  repair  and  mainte- 
nance job  shops,  like  Naval  Air  Rework  Facilities  (NARFs). 

A NARF  operates  in  a large  Job  shop  environment  where  planned,  peri- 
odic depot  level  maintenance,  (i.e.,  overhaul),  of  aircraft,  engines,  missiles, 
ground  support  equipment,  and  plant/fleet  equipment  is  performed.  In 
addition,  failed  component  parts  from  aircraft  are  repaired. 

Although  the  nature  and  complexity  of  the  work  involved  in  the  different 
types  of  overhauls  and  repairs  may  be  quite  diverse  with  respect  to  trade- 
skill  and  equipment  requirements,  each  type  of  rework  can  be  described  by 
a unique  network  of  disassembly,  repair,  and  reassembly  requirements  at 
the  various  work  centers  or  shops.  A simple  example  of  such  a network  of 
routings  of  a small  component  part  as  shown  in  Figure  1.1.  Networks  of 
complex  products  such  as  aircraft  may  consist  of  thousands  of  operations. 
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Figure  1.1:  Routing  Network  of  a Small  Component  Part 
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Since  the  actual  disassembly-reassembly  networks  provide  all  the  neces- 
sary information  on  the  overhaul  or  repair  to  be  performed,  the  distinction 
between  aircraft,  engines,  missiles,  etc.,  need  no  longer  be  made.  Hence- 
forth an  overhaul  or  repair  will  simply  be  referred  to  as  a job. 

Jobs  may  arrive  at  a NARF  in  a variety  of  ways.  However,  regardless 
of  the  nature  of  the  arrival  to  the  system,  jobs  compete  for  resources  of 
manpower  (trade-  skill)  and  machines  at  the  various  shops  within  a NARF. 
These  shops  are  generally  operated  at  near  or  above  capacity  limits  so  that 
backlogs  of  work-in-process  almost  always  exist. 

A NARF  is  by  no  means  a small  operation.  A typical  NARF  will  have 
over  100  production  shops,  handling  thousands  of  jobs  simultaneously,  re- 
sulting in  on  the  order  of  tens  of  thousands  of  shop  operations  or  service 
completions  daily.  The  situation  is  a very  large,  complex  management 
problem.  Finally,  the  purpose  is  to  provide  timely,  cost-effective  repairs  so 
as  to  maintain  fleet  readiness  at  a maximum.  Thus,  a very  visible  mea- 
sure of  a NARF’s  performance  is  the  ability  or  inability  to  meet  scheduled 
completion  dates  and  thereby  return  repaired  items  to  the  fleet  on  time. 
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A major  concern  for  NARF  managers  is  the  early  detection  and  expe- 
ditious handling  of  any  jobs  that  have  fallen  behind  schedule.  Currently 
available  management  information  systems  can  provide  data  on  the  cur- 
rent status  of  any  job.  That  is,  data  are  collected  that  allow  a manager  to 
determine  what  work  along  the  branches  of  a job’s  disassembly-recissembly 
network  has  been  completed  and  thereby  determine  if  that  job  is  behind 
schedule  or  not.  However,  this  type  of  information  only  allows  managers  to 
try  to  fight  “fires”  as  they  occur;  that  is,  they  don’t  find  out  that  a job  is  in 
danger  of  being  late  until  it  is  already  in  trouble.  As  a result,  managers  are 
often  hurriedly  expediting  critical  elements  in  the  rework  process  of  jobs 
that  are  behind  schedule  to  try  to  minimize  the  delay  in  the  job’s  overall 
completion  time. 

A more  appropriate  tool  for  these  managers  would  be  an  information 
system  that  could  predict  the  “fires”  before  they  actually  occur.  Such  a 
system  would  look  forward  in  time,  taking  into  account  the  status  of  all 
work  currently  in  process,  as  well  as,  any  arriving  jobs  during  the  time 
frame  considered.  The  system  would  project  the  completion  time  for  any 
job  and  provide  information  on  any  potential  bottlenecks,  i.e.,  critically 
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overloaded  shops.  In  particular,  management  would  obtain  an  expected 
completion  time  for  a job  of  interest,  as  well  as,  the  probability  that  it  will 
exceed  its  original  target  completion  date  by  a given  amount  of  time. 

Given  such  information,  management  could  then  respond  to  any  un- 
satisfactory completions  and  bottlenecks  by  raising  job  priorities,  buying 
overtime,  or  shifting  manpower,  and  thereby  averting  a potential  “fire,” 
i.e.,  prevention  as  opposed  to  reaction. 

Accuracy  of  job  completion  and  bottleneck  projections,  though  certainly 
important,  is  not  the  only  criterion  of  such  a system.  Absolutely  accu- 
rate results  that  are  not  timely  and  cost  effective  are  practically  worthless. 
A manager  needs  information  today  to  avoid  a potential  fire  a few  days 
later.  Therefore,  awkward,  complex  analytic  models  or  cumbersome,  time- 
consuming  detailed  simulations  are  of  little  use.  Instead,  relatively  fast  yet 
reasonably  accurate  approximation  techniques  are  required. 

The  immediate  goal  of  this  research,  however,  is  not  to  solve  problems 
which  are  as  large  and  complex  as  those  encountered  at  a NARF.  The 
reasons  for  this  are  fairly  obvious.  In  order  to  evaluate  the  accuracy  of 
heuristic  solution  procedures,  the  true  solution  (or  some  very  reliable 
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approximation)  must  be  attainable  at  a reasonable  cost  of  time  and  money. 
As  will  be  made  clear  in  Chapter  2 of  this  dissertation,  the  existing  theory 
of  queueing  networks  does  not  include  exact  solutions  to  problems  of  this 
nature.  Basically  this  leaves  only  Monte-Carlo  simulation  as  a reliable 
tool  for  an  approximation.  The  cost  of  the  development  and  execution  of  a 
large  simulation  does  not  seem  justifiable  for  evaluating  an,  as  yet,  untested 
heuristic. 

Instead,  a more  reasonable  approach  is  to  begin  with  much  smaller  mod- 
els which  still  exhibit  many  of  the  salient  features  of  NARF-like  facilities 
and  slowly  build  up  size  and  complexity.  Such  a method  allows  the  insights 
gained  in  solving  smaller,  simpler  models  to  be  applied  to  the  larger,  more 
complex  ones. 


1.3  Scope 

This  dissertation  presents  a study  of  heuristic  methodologies  for  deter- 
mining sojourn-time  distributions  of  particular  jobs  in  networks  of  queues. 
The  types  of  networks  considered  include  serial  and  branching  (with  disas- 
sembly and  reassembly)  where  jobs  cannot  be  overtaken.  The  realm  of  the 
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problems  studied  is  transient  as  opposed  to  steady  state.  This  is  because 
of  the  desire  to  study  sojourn  times  under  “given  scenario”  conditions. 

An  exact  technique  based  on  previous  work  is  developed  and  evaluated 
revealing  the  computational  intractability  for  even  very  small  problems. 
Given  the  failure  of  exact  techniques,  heuristic  procedures  are  presented 
which  can  be  used  in  solving  very  large,  complex  queueing  problems  in 
a computationally  efficient  mode.  These  heuristics  are  discussed  in  detail 
including  a presentation  of  the  relative  time/cost  versus  accuracy  tradeoff 
for  a host  of  scenarios. 


1.4  Overview 

In  Chapter  2,  a review  of  the  current  literature  is  presented.  The  review 
is  broken  into  two  sections.  The  first  reviews  some  of  the  major  works 
dealing  with  general  queueing  networks.  The  second  section  is  a detailed 
review  of  sojourn-time  results  for  queueing  networks. 

Chapter  3 is  a detailed  presentation  of  sojourn-time  distributions  of 
particular  jobs  in  serial,  single-server  networks  under  “given-scenario”  con- 
ditions. An  exact  technique  based  on  research  by  P.G.  Harrison  [30]  is 


10 


presented  and  shown  to  be  impractical  in  an  application  mode.  Next, 
heuristic  methodologies  are  introduced.  For  computational  comparison 
purposes  a detailed  Monte-Carlo  simulation  model  is  also  presented.  An 
experimental  design  strategy  is  then  structured  followed  by  computational 
results.  Finally,  these  results  are  analyzed  and  conclusions  as  to  the  per- 
formance of  the  heuristic  are  offered. 

Simple  networks  of  disassembly,  repair,  and  reassembly  type  operations 
are  considered  in  Chapter  4.  The  results  of  the  analysis  of  an  exact  solution 
procedure  for  the  serial  case  make  it  quite  obvious  that  such  a procedure 
in  this  case  is  also  intractible.  Therefore,  only  heuristic  procedures  are 
considered  for  evaluation.  The  layout  of  this  section  is  structured  much 
like  Chapter  3 in  that  both  the  heuristics  and  the  detailed  Monte-Carlo 
simulation  model  are  presented  followed  by  an  experimental  design.  Finally, 
results  and  conclusions  are  detailed. 

The  final  chapter  summarizes  the  results  of  the  previous  sections  and 
provides  suggestions  for  continued  research  in  this  area. 


CHAPTER  2 


LITERATURE  REVIEW 
2.1  Introduction 

This  survey  is  organized  into  two  sections.  The  first  section  contains  a 
historical  perspective  of  the  field  of  queueing  networks.  It  is  not  meant  to 
be  an  all  inclusive  review  of  the  field  since  such  a review  would  necessarily 
be  much  too  broad  for  this  dissertation.  Instead,  those  works  which  have 
had  some  bearing  on  sojourn-time  results  will  be  covered. 

The  second  section  deals  with  those  sojourn-time  results  which  are  re- 
lated to  the  problem  described  in  Section  1.1.  These  results  reveal  a large 
gap  in  the  literature  a portion  of  which  this  dissertation  addresses. 

2.2  Network  Queueing  Review 

As  mentioned  in  the  Section  1.1,  J.R.  Jackson  was  among  the  pioneers 
in  the  field  of  queueing  networks.  His  classic  research  [33]  deals  with  the 
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development  of  steady-state  distributions  of  waiting-line  lengths  in  a net- 
work of  M service  centers  where  center  m contains  rim  identical  servers 
each  working  at  a rate  with  exponentially  distributed  service  times. 
Customers  arrive  at  service  center  m in  one  of  two  ways:  either  externally 
as  the  realization  of  a Poisson  input  stream  with  rate  or  as  an  internal 
transfer  from  another  center.  Once  served  at  center  m a customer  instan- 
taneously transfers  to  center  k {k  = 1,2,...,M)  with  probability  ©*„  and 
exits  the  system  with  probability  1 — &km-  The  average  arrival  rate 
of  customers  to  center  m from  any  source  is  defined  as  P^.  In  steady  state, 
it  is  easily  seen  that 


If  Lm  denotes  the  number  of  customers  waiting  and  in  service  at  center  m 
and  L = Lm,m  = 1,  ...,M  defines  the  state  of  system,  then  Jackson  proves 


m = 1, ...,  M. 


that  the  steady  state  distribution  of  the  state  of  the  system  is 


M 


Pr\L\  = n Pt, 


m=l 


as  long  as 


m = 1, ...,  M, 
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where 

prn  ^ 0 < /„  < 

In  Im  > Hm+l. 

This  means  that  in  steady  state  the  system  behaves  as  if  its  service  centers 
were  independent,  i.e.,  exactly  like  the  simple  individual  multi-server  queues 
they  resemble  and  thus  may  be  analyzed  in  isolation.  This  work  provided 
the  basis  for  analysis  of  these  so-called  Jackson  networks. 

Jackson’s  results  were  not  surprising  given  the  work  of  Burke  [5]  and 
Reich  [56].  Burke  [5]  proved  that  the  output  of  an  M/M/S  queue  in  equilib- 
rium is  Markovian  (exponential)  with  the  same  rate  as  the  input.  He  also 
proved  that  for  tandem  Markovian  queues  the  queue  length  and  sojourn- 
time at  the  second  stage  is  independent  of  the  first  stage.  Reich  [56]  got 
similar  results  using  a reversibility  argument.  Burke  and  Reich’s  results 
formalized  observations  made  by  R.R.P.  Jackson  [35]  in  one  of  the  first  pa- 
pers on  tandem  queues.  He  noted  an  “apparent”  independence  of  queue 
length  distributions  in  the  equilibrium  case  in  deriving  state  probabilities. 

J.R.  Jackson  extended  his  own  work  [34]  based  on  the  observation  that 
in  real  production  systems  the  rate  at  which  new  work  is  injected  tends 
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to  decrease  and  the  service  rate  tends  to  increase  as  the  amount  of  work- 
in-process  grows.  In  this  work,  Jackson  modeled  the  arrival  process  as  a 
generalized  Poisson  arrival  process  where  potential  customers  are  generated 
by  a stable  Poisson  process  but  the  probability  that  the  customer  may 
enter  the  system  depends  upon  the  number  of  customers  currently  there. 
The  service  centers  are  modeled  as  generalized  service-completion  processes 
where  the  number  of  servers  functioning  at  a center  is  based  on  the  queue 
length.  The  results  of  this  study  are  steady-state  queue  length  distributions, 
which,  again  demonstrated  the  independence  property  in  the  product  form 
of  the  solution. 

Gordon  and  Newell  [22]  considered  closed  Jackson  networks  where  a 
fixed  number  of  customers  traverse  the  network,  that  is,  customers  neither 
arrive  nor  depart  the  system.  Such  systems  are  shown  to  be  stochastically 
equivalent  to  an  open  system  where  the  number  of  customers  cannot  exceed 
N. 

Kelly  [37]  considered  open  and  closed  networks  with  different  customer 
classes  and  multi-server,  infinite  server  and  processor  sharing  service  cen- 
ters. He  established  equilibrium  queue  length  distributions  for  the  open  and 
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closed  cases.  He  also  used  time  reversal  to  obtain  additional  information 
on  the  process  considered. 

The  models  discussed  so  far  are  all  limited  to  exponential  service  time 
distributions.  Haskett,  Chandy,  Muntz,  and  Palacious  (BCMP)  [l]  attacked 
this  limitation  for  open,  closed,  and  mixed  queueing  networks  in  the  context 
of  computer  systems  modeling.  A finite  number  of  customer  classes  is 
considered  where  customers  transform  from  one  class  to  another  according 
to  a given  transition  probability.  External  arrivals  to  the  system  are  from 
Poisson  processes.  The  differences  between  classes  are  marked  by  different 
routes  and  demands  upon  the  system.  In  addition  to  different  customer 
classes,  four  types  of  service  centers  are  considered. 

In  type  1 centers  there  is  a single  server  and  the  service  discipline  is 
first-come,  first-served.  Service  time  distribution  is  exponential  regardless 
of  customer  class  and  is  dependent  on  queue  length. 

Type  2 centers  consist  of  a single  server  which  simultaneously  provides 
service  to  all  customers.  In  other  words,  each  customer  receives  partial 
service  every  time  period.  Distinct  service  time  distributions  with  rational 
Laplace  transforms  are  considered  for  each  customer  class. 
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Type  3 centers  exhibit  no  queueing;  i.e.,  the  number  of  servers  is  always 
greater  than  or  equal  to  the  number  of  customers  at  that  center.  As  with 
type  2 centers,  distinct  service  time  distributions  with  rational  Laplace 
transforms  are  considered. 

Finally,  type  4 centers  are  single  server  systems  with  preemptive-resume, 
last-come-first-served  service  discipline.  Again  service  time  distributions 
with  rational  Laplace  transforms  are  assumed. 

These  are  the  so-called  BCMP  networks.  The  results  of  this  research 
are  the  development  of  joint  equilibrium  queue  length  distributions.  The 
analysis  technique  used  is  based  on  Whittle’s  concept  of  independent  bal- 
ance [70,71]  that  simplifies  the  problem  of  finding  steady-state  solutions. 
Chandy  [8]  also  describes  this  technique  and  calls  it  the  principal  of  balance. 

Kelly  [38]  obtained  results  similar  to  Baskett  et  al.  [l]  for  a system 
having  several  classes  of  customers  where  each  class  has  a route  through  the 
network  that  depends  upon  the  customers  past  route.  He  also  considered 
the  case  where  a customer’s  service  time  at  a queue  is  dependent  upon  its 
route  and  service  requirements  at  other  queues  in  the  route.  Kelly  showed 
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that  the  queue  length  distribution,  while  not  in  general  Markovian,  has  a 
simple  equilibrium  form. 

Buzen  [7]  presented  computational  methods  for  deriving  equilibrium 
distributions  of  customers  in  closed  queueing  networks  with  exponential 
servers.  The  algorithms  presented  are  based  on  two-dimensional  iterative 
schemes  which  are  fairly  easy  to  implement  and  computationally  efficient. 

Lemoine  [46]  provided  an  excellent  survey  of  equilibrium  analysis  of  net- 
works of  queues  prior  to  1977.  He  covered  a wide  variey  of  topics  including 
Whittle’s  partial  balance  [70,71],  departure  processes,  and  time  reversal, 
as  well  as,  sojourn  times  for  customers.  However,  he  points  out  that  the 
sojourn-time  distribution  for  an  arbitrary  customer  in  an  open  network  is 
a very  difficult  problem. 

The  development  of  exact  analytic  solutions  of  models  of  more  general 
systems  than  those  described  so  far  has  been  limited  by  the  additional 
complexity.  Shantikumar  and  Buzacott  [63]  point  out  that  all  attempts  of 
exact  solution  of  queueing  networks  of  dynamic  job  shops  with  service  dis- 
ciplines other  than  first-come-first-served,  preemptive-resume,  last-come- 
first-served,  processor  sharing  and  no  queueing  have  failed.  Also,  service 
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time  disciplines  other  than  exponential  and  ones  with  rational  Laplace 
transforms  lead  to  problems  that  are  basically  intractible. 

The  failure  of  exact  analytic  models  and  the  time/cost  of  detailed  sim- 
ulation studies  for  general  queueing  networks  with  more  general  service 
time  distributions  and  service  disciplines  led  to  the  development  of  several 
approximation  methods.  Chandy,  Herzog  and  Woo  [9]  considered  a local 
balance  technique  based  upon  an  application  of  Norton’s  theorem  from  elec- 
trical circuit  theory  (see  e.g.  Smith  [65]  p.  209).  This  technique  determines 
approximate  queue  lengths  and  waiting  time  distributions  for  closed  queue- 
ing networks  with  first-come-first-served  discipline  and  general  service  time 
distributions.  However,  the  majority  of  the  approximation  techniques  can 
be  classified  as  either  decomposition  or  diffusion  methods. 

The  technique  of  decomposition  is  based  on  the  results  of  Jackson  [33] 
described  earlier.  That  is,  under  certain  circumstances,  (i.e.,  Poisson  ar- 
rivals, service  time  distributions  with  rational  Laplace  transforms,  and  ser- 
vice disciplines  as  described  by  Haskett  et  al.  [l]),  service  centers  can 
be  analyzed  separately  and  exact  results  can  be  obtained.  Beyond  these 
circumstances  decomposition  has  been  used  as  an  approximation  method. 
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This  can  be  done  by  either  considering  the  related  input  and  output  pro- 
cesses of  subsystems  or  by  separaton  of  the  total  system  into  a hierarchy  of 
aggregate  systems  with  only  a few  interactions  between  the  various  levels. 
Disney  and  Cherry  [15],  Kuehn  [43],  Shantikumar  and  Buzacott  [63]  em- 
ployed the  former  while  Courtois  [12]  used  the  latter.  However,  it  should  be 
noted  that  these  techniques  have  only  been  applied  for  steady-state  results. 

The  second  vein  of  approximation  techniques  applies  diffusion  theory 
and  Brownian  motion.  These  techniques  are  based  upon  the  property  that 
nearly  saturated  queues  are  rather  insensitive  to  the  detailed  form  of  the 
arrival  or  service  distributions.  This  property  has  been  investigated  by 
Kingman  [40]  and  Iglehart  and  Whitt  [32].  A survey  of  these  and  other 
related  research  is  presented  by  Whitt  [69]. 

These  saturated  queues  or  heavy  traffic  approximation  theorems  rely 
on  the  central  limit  theorem  as  do  diffusion  approximations.  Both  assume 
that  the  number  of  events  in  a given  time  period  is  normally  distributed. 

Early  work  with  diffusion  approximations  can  be  found  in  Feller  [17]. 
Newell  [53]  provided  an  excellent  introduction  to  the  use  of  diffusion  theory 
in  the  study  of  discrete  processes.  Applications  to  congestion  theory  for 
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single  queues  have  been  shown  by  several  researchers.  A diffusion  model 
to  the  waiting  time  in  a M/G/l  queue  was  applied  in  Gaver  [18]  and  to 
the  analysis  of  backlog  delays  for  remote  terminals  in  Gaver  [19].  Gaver 
and  Shedler  [20]  developed  a procedure  for  evaluating  CPU  utilization  in  a 
multiprogramming  environment  modeled  as  a cyclic  queueing  system.  J.M. 
Harrison  developed  a diffusion-based  limit  theorem  for  single  queues  [27] 
and  applied  a diffusion  approximation  for  tandem  queues  [28].  In  this  paper, 
Harrison  proved  a limit  theorem  for  a network  of  two  single-server  queues 
in  tandem  justifying  a heavy  traffic  approximation  for  the  sojourn-time 
distribution.  He  showed  that  this  approximation  is  a diffusion  process  that 
behaves  like  two-dimensional  Brownian  motion  with  reflecting  barriers  at 
the  coordinate  axes  in  Harrison  [29].  A small  example  is  solved  explicitly 
but  Harrison  pointed  out  that  significant  analytical  difficulties  must  be 
overcome  before  a general  solution  can  be  found. 

Diffusion  techniques  for  other  forms  of  queueing  networks  have  also 
been  applied.  J.M.  Harrison  [25,26]  and  Wenocur  [68]  considered  single, 
assembly-like  queues  as  models  of  production  assembly  processes. 
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Reiman  [58]  developed  limit  theorems  for  general  queueing  networks. 
Reiser  and  Kobayashi  [59]  discussed  the  accuracy  of  diffusion  approxima- 
tions of  equilibrium  queue  size  distributions  for  Jackson-like  queueing  net- 
works of  the  type  described  earlier  (Jackson  [34])  with  general  arrival  and 
service  distributions.  The  major  result  of  this  work  was  that  under  heavy 
traffic  situations  diffusion  proved  more  accurate  than  exponential  service 
models. 

At  about  the  same  time  Kobayashi  [41,42]  presented  similar  results  for 
equilibrium  and  transient  cases,  respectively.  In  the  equilibrium  study,  the 
queue  lengths  for  all  the  nodes  are  modeled  as  a vector-valued  Wiener  pro- 
cess (Brownian  motion)with  a reflecting  barrier  to  prevent  negative  lengths. 
A closed  form  expression  for  the  covariance  matrix  is  derived  using  the 
means  and  variances  of  the  service  distributions  along  with  the  transition 
probability  of  the  network.  The  transient  results  include  methods  for  pro- 
jecting throughput,  utilization,  and  average  response  times;  however, 
varying  customer  types  and  service  disciplines  other  than  first-come-flrst- 


served  were  not  considered. 
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This  concludes  the  review  of  the  major  research  in  general  network 
queueing  theory  which  relates  to  the  problems  considered  in  this  disserta- 
tion. In  the  next  section,  existing  sojourn-time  results  are  presented. 

2.3  Sojourn-Time  Results  Review 

From  a customer’s  viewpoint,  a sojourn  or  passage  time  is  one  of  the 
most  important  aspects  of  performance  of  networks  of  queues.  However, 
until  recently,  very  little  has  been  done  to  advance  the  theory  in  this  area. 
The  purpose  of  this  section  is  to  present  these  analysis  techniques  and  to 
show  the  limitations  with  respect  to  the  problem  described  in  Section  1.1. 

Some  of  the  first  results  on  sojourn  times  in  queueing  networks  were 
presented  by  Reich  [56,57].  He  proved  that  for  a series  of  M/M/1  queues 
with  first-come-first-served  (FCFS)  queue  discipline,  the  steady-state  so- 
journ times  at  each  queue  are  independent.  Burke  [6]  provided  an  alter- 
native proof  based  upon  a reversibility  argument  and  the  observation  that 
customers  cannot  be  overtaken  or  passed  by  later  arriving  customers. 

This  overtaking  condition  was  shown  by  Takacs  [66]  to  bring  on  de- 
pendencies among  the  partial  sojourn  times  incurred  at  individuals  nodes. 
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These  dependencies  lead  to  enormous  difficulties  in  analysis.  Simon  and 
Foley  [64]  and  Mitrani  [51],  also  demonstrated  this  property  in  correcting 
assumptions  made  by  Lemoine  [46].  Lemoine’s  work,  though  not  valid  for 
general  networks  because  of  possible  overtaking,  did  extend  Reich’s  results 
for  serial  queues  (Reich  [57])  to  tree-like  Jackson  networks  with  single  server 
queues  which  do  not  permit  overtaking. 

Wong  [72]  purported  to  extend  Reich’s  results  to  single-server,  cycleless 
BCMP  networks  (Baskett  et  al.  [l]).  However,  as  Melamed  [48]  pointed 
out,  Wong’s  results  are  only  true  for  such  networks  where  overtaking  is  not 
permitted  in  forward  short  circuits. 

P.G.  Harrison  [30]  developed  an  approximation  scheme  for  sojourn-time 
distribution  for  an  arbitrary  customer  under  an  arbitrary  state  of  the  sys- 
tem for  a series  of  M (M/M/l)  queues  and  for  tree-like  M/M/1  queues. 
The  scheme  relys  on  the  steady  state  queue  length  distribution  and  a dis- 
crete approximation  for  the  convolution  of  exponential  distributions.  In  the 
derivation  of  the  technique,  Harrison  developed  an  exact  technique  for  the 
serial  case  and  he  extended  this  to  the  equilibrium  tree-like  case  in  Harrison 
[31].  These  results  will  be  discussed  in  greater  detail  in  Chapter  3. 
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Chow  [10]  developed  the  cycle  time  distribution  for  a closed  network  of 
two  FCFS  exponential  servers.  The  main  result  was  that  if  the  number  of 
customers,  N,  in  the  network  is  large  enough,  the  cycle  time  distribution  is 
not  sensitive  to  the  ratio  of  the  service  rates  and  it  approaches  a generalized 
Erlang  as  N —>■  oo.  He  also  showed  that  if  the  service  rates  are  equal  the 
cycle  time  is  exactly  Erlang  for  any  N.  These  results  are  not  surprising 
given  the  results  of  Gordon  and  Newell  [22].  Schassburger  and  Daduna  [60] 
generalized  Chow’s  results  [10]  to  arbitrarily  many  nodes  using  a different 
method. 

Response-time  distributions  for  customers  in  an  M/M/1  queue  with 
feedback  (Figure  2.1)  are  characterized  by  Lam  and  Shankar  [44].  Multiple 
classes  of  customers  are  considered  where  the  number  of  rounds  of  service 
required  is  class  dependent  but  otherwise  generally  distributed. 

Walrand  and  Varaija  [67]  considered  an  open  multiclass  Jackson  network 
in  equilibrium.  They  show  that  for  a customer  travelling  along  a path 
without  overtaking,  the  sojourn  times  at  the  nodes  in  the  path  are  mutually 
independent  provided  service  rates  are  constant  along  the  path. 
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The  sojourn  time  at  a node  is  shown  to  have  the  same  distribution  as  that 
of  a customer  in  an  M/M/l  queue  in  equilibrium. 

They  also  proved  an  assertion  made  by  Burke  [6]  that  in  a single  cus- 
tomer class,  3-node  network  (Figure  2.2),  the  sojourn  times  at  the  various 
nodes  are  not  all  independent.  In  other  words,  a correlation  exists  between 
sojourn  times  at  the  individual  nodes  of  the  network. 

In  addition,  they  showed  that  for  any  network  with  a single  customer 
class,  the  sojourn  times  along  a path  with  overtaking  are  not  independent. 

The  overtaking  condition  was  considered  by  Fayolle,  lasnogorodski,  and 
Mitrani  [16].  They  find  the  equilibrium  sojourn-time  distribution  for  the 
network  in  Figure  2.2.  The  method  is  based  on  the  solution  of  a boundary 
value  problem  on  a closed  contour,  which  is  in  turn,  reduced  to  the  solution 
of  an  integral  equation. 

Melamed  [48]  put  together  a variety  of  results  concerning  various  aspects 
of  sojourn  times  for  a fairly  general  class  of  queueing  networks.  Included 
are  such  things  as  classes  of  customers,  class  changes,  class  dependent  ran- 
dom routing,  and  state  dependent  arrival  and  service  rates.  Basically,  he 
combined  the  features  of  Kelly  networks  [37,38]  and  BCMP  networks 
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Figure  2.1:  M/M/1  Queue  with  Feedback 


Figure  2.2:  Network  with  Overtaking 
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(Baskett  et  al.  [1]),  and  provided  equilibrium  state  distributions,  mean 
sojourn  times  and  sojourn  time  distributions  along  overtake  free  paths. 

Daduna  [14]  showed  that  for  customers  in  a multi-class  closed  Gordon- 
Newell  [22]  network  with  single  exponential  service  nodes,  the  steady-state 
passage  time  along  an  overtake  free  path  is  a generalized  hyper-Erlang 
where  the  mixing  distribution  is  given  by  the  steady-state  behavior  of  the 
network  at  arrival  times  on  the  path.  He  extended  these  results  in  Daduna 
[13]  to  include  the  case  where  the  first  and  last  nodes  can  be  multiserver 
queues. 

Boxma  and  Donk  [2]  determined  the  joint  distribution  of  consecutive 
sojourn  times  of  a customer  in  a closed  cycle  of  two  single-server  exponential 
queues.  The  result  is  the  Laplace-Stieltjes  transform  of  the  distribution 
which  is  proved  using  a reversibility  argument.  These  results  and  the  results 
of  Schassburger  and  Daduna  [60]  are  generalized  by  Boxma,  Kelly,  and 
Konheim  [3]  for  a closed  cycle  of  arbitrarily  many  single-server  queues. 

A recent  paper  by  Kelly  and  Pollett  [39]  extended  and  unified  the  re- 
sults of  Daduna  [14]  and  Boxma  et  al.  [3].  They  find  the  joint  distribution 
of  consecutive  sojourn  times  for  a customer  along  an  overtake  free  path  in  a 
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closed  multiclass  Jackson  network.  In  this  case  the  individual  sojourn  times 
are  not  independent  but  their  joint  distribution  has  a relatively  simple  rep- 
resentation in  terms  of  the  product  form  of  the  stationary  state  distribution 
at  an  arrival  instant. 

Packet-based  data  collection  systems  were  modeled  by  Shalmon  and  Ka- 
plan [62]  as  an  open  tandem  network  of  capacitated  queues  with  determinis- 
tic service  and  multiple,  interfering  sources.  Sojourn-time  distributions  for 
arbitrary  customers  traversing  the  network  in  equilibrium  are  presented. 
The  solution  is  the  joint  moment-generating  function  for  the  case  where 
queue  length  capacities  do  not  increase  in  the  direction  of  flow. 

The  technique  of  randomization  has  been  used  recently  to  obtain  sojourn 
results.  The  method  has  been  known  for  some  time.  Cohen  [ll],  Grassman 
[23,24],  Lippman  [47],  Serfozo  [61],  and  Keilson  [36]  described  and  utilized 
it  in  various  forms  and  applications.  The  technique  can  be  explained  by 
considering  a continuous  time  Markov  process  with  bounded  inflnitesimal 
generator  matrix  Q,  The  state  transition  matrix,  Pj,  is  by  definition 


or  equivalently. 
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Pt  = ^ — pR",  where  (2.2) 

R = I + Q/ / , and 


/ = maxi[qn]  , qa  = diagonal  element  of  Q. 

The  advantage  of  Equation  2.2  over  Equation  2.1  is  that  iE  is  a stochastic 
matrix  while  Q is  not.  As  a result,  the  computation  of  Equation  2.2  is 
stable  whereas  Equation  2.1  may  not  be.  Also,  R defines  a discrete  Poisson 
process.  Thus,  the  holding  time  of  each  state  is  exponential  which  makes 
the  analysis  much  easier. 

For  computational  purposes.  Equation  2.2  can  be  approximated  by  trun- 
cating the  infinite  series  to  some  arbitrary  number  of  terms,  iV;  i.e., 

ni 


n=0 


This  is  the  foundation  of  randomization  heuristics. 

Melamed  and  Yadin  [49]  developed  a randomization  based  procedure 
for  computing  numerical  bounds  on  cumulative-time  distributions  over  dis- 
crete state  Markov  processes.  An  application  to  sojourn-time  distributions 
is  presented  and  results  compared  for  a small  problem  with  known  distri- 
bution. This  technique  also  handles  overtaking  conditions. 
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Melamed  and  Yadin  [50]  also  investigated  the  computational  aspects  of 
this  technique.  They  developed  an  optimal  storage  scheme  for  open  Jackson 
networks  along  with  improved  approximations  for  bounding  curves. 

The  technique  appears  to  give  good  results.  The  sparsity  of  the  transi- 
tion matrix  lends  itself  to  matrix  techniques  which  exploit  this  structure, 
as  demonstrated  by  Melamed  [49,50].  However,  it  still  falls  prey  to  com- 
putation time  since  the  state  spare  explodes  as  the  networks  considered 
grow. 

The  bulk  of  the  work  reviewed  to  this  point  has  either  been  exact  tech- 
niques or  approximations  based  on  analytic  results.  A noteworthy  exception 
to  this  is  a simulation  model  developed  by  Bulkin,  Colley,  and  Steinhoff  [4[. 
Their  work  is  concerned  with  projecting  and  sequencing  shop  operations  for 
the  next  shift  in  job  shops  at  the  El  Segundo  Division  of  Hughes  Aircraft 
Corporation.  The  objective  of  the  study  was  to  provide  shop  foremen,  in 
advance,  the  information  required  to  determine  the  priority  of  jobs  which 
should  come  through  his  shop  during  the  next  work  period  and  the  tools, 
raw  material,  etc.,  required  to  work  them. 
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The  model  was  a success  as  far  as  accuracy  of  results  was  concerned; 
however,  the  time  and  cost  involved  in  the  simulation  proved  to  be  a pro- 
hibitive factor.  This  study  was  done  in  the  early  1960s.  The  speed  of 
today’s  computers  has  certainly  increased  dramatically  while  costs  have 
come  down;  thus,  for  reasonably  sized  problems,  simulation  is  certainly  a 
viable  alternative.  However,  for  problems  the  size  of  the  NARF  as  described 
in  Section  1.2,  the  same  limitations  still  hold. 

It  should  be  fairly  clear  that  with  the  exception  of  the  work  by  P.G. 
Harrison  [30]  and  the  simulation  by  Bulkin  et  al.  [4]  sojourn-time  results 
for  arbitrary  customers  under  “given  scenario”  conditions  have  been  largely 
ignored.  This  is  quite  understandable  given  the  severe  difficulty  of  obtaining 
analytic  results  in  other  than  very  simple  cases.  Research  on  networks  of 
queues  where  jobs  may  be  disassembled  and  later  reassembled  is  apparently 
lacking  altogether,  for  the  same  reason  as  above. 

The  contribution  of  this  research  is  the  development  of  simple  heuris- 
tics to  solve  these  problems  which  are  accurate  and  yet  computationally 
attractive  for  application  to  real  large-scale  problems. 
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As  will  be  illustrated  in  the  remaining  chapters  the  contributions  of 
this  research  is  the  development  of  simple  heuristics  to  solve  these  prob- 
lems. The  heuristics  are  shown  to  be  accurate  while  retaining  the  important 
property  of  computational  efficiency  which  allows  application  to  real  large- 
scale  problems. 


CHAPTER  3 


SERIAL  QUEUEING  MODELS 
3.1  Introduction 

A series  network  of  queues  is  probably  the  simplest  form  of  a queue- 
ing network.  Yet,  as  pointed  out  in  Chapter  2,  the  problem  of  specifying 
sojourn-time  distributions  for  such  networks  has  only  been  solved  for  a 
very  limited  range  of  arrival  and  service  time  distributions  and,  generally 
speaking,  under  equilibrium  or  steady-state  conditions  where  jobs  cannot 
be  overtaken. 

Often  for  those  cases  where  exact  solutions  do  exist,  application  to  even 
moderately  sized  “real-world”  problems  can  be  an  impractical  if  not  infea- 
sible task.  Many  of  the  solutions  are  available  only  in  transform  domains 
where  reinversion  to  the  time  domain  is  unattainable  in  generalized  form. 

However,  it  is  often  the  case  that  the  actual  distribution  of  the  de- 
sired performance  measure  is  not  explicitly  required.  Instead,  the  mean. 
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variance,  and  possibly  tail  probabilities  are  of  practical  importance.  The 
mean  and  variance  are  at  least  theoretically  attainable  directly  from  the 
transform  of  the  desired  distribution  through  differentiation.  In  practice, 
the  size  and  structure  of  the  transform  directly  relate  to  the  computation 
effort  required  to  attain  these  values. 

A recent  heuristic  presented  by  Platzman,  Ammons  and  Bartholdi  [54] 
provides  a relatively  simple  means  for  evaluating  the  probability  that  a 
random  variable  exceeds  a specified  value,  given  only  its  transform.  This 
technique,  discussed  in  detail  later,  may  help  overcome  the  problem  of  de- 
termining tail  probabilities.  However,  computational  problems  still  persist 
for  cases  where  the  transform  contains  a large  number  of  terms. 

In  this  section,  exact  and  heuristic  methodologies  for  determining  so- 
journ distributions  for  particular  customers  in  a serial  network  of  single 
server  queues  are  investigated.  Particular  interest  is  paid  to  the  case  where 
the  service  rates  at  the  various  stations  are  nearly  equal  and  the  initial 
service  queue  lengths  are  significant  (i.e.,  a large  number  of  customers  in  a 
relatively  balanced  system). 
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This  case  is  emphasized  because  of  the  desire  to  study  large  job  shop 
scenarios  like  the  NARF  described  in  Chapter  1.  These  systems  are  charac- 
terized by  heavy  customer  (job)  traffic  and  non-empty  service  queues.  This 
situation  exists  because  of  management’s  desire  to  keep  work  on  hand  to 
minimize  server  idle  time. 

The  formal  definition  of  the  model  of  such  a system  is  described  in 
Section  3.2.  In  this  section,  an  exact  transform  solution  is  also  presented. 
However,  the  number  of  terms  in  the  transform  is  shown  to  grow  at  such  a 
rate  that  even  relatively  small  problems  quickly  become  intractable. 

Given  the  computational  difficulties  of  the  exact  methodology,  relatively 
simple  heuristic  procedures  are  presented  in  Section  3.3.  A detailed  Monte- 
Carlo  simulation  model  is  also  developed  to  provide  a basis  for  assessing  the 
viability  of  the  heuristics  in  both  an  accuracy  and  CPU  resource  utilization 
mode.  An  experimental  design  for  evaluating  the  heuristics  is  provided  in 
Section  3.4.  In  Section  3.5,  the  results  and  subsequent  analysis  of  the  ex- 
perimentation are  presented.  Finally,  conclusions  are  offered  in  Section  3.6. 
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3.2  Exact  Analytic  Solution 

In  this  section,  an  exact  analytic  technique  for  specifying  the  sojourn- 
time  distribution  of  particular  jobs  in  a serial  network  of  queues  is  described. 
The  technique  is  a generalization  of  a method  presented  by  P.G.  Harri- 
son [30],  in  that  Harrison  looked  only  at  exponential  service  distributions, 
whereas,  phase- type  exponential  distributions  are  considered  here. 

3.2.1  Problem  Specification 

The  problem  can  be  described  as  a series  configuration  of  M service 
centers  (see  Figure  3.1),  each  having  an  FCFS  (First-Come-First-Served), 
single  server  queue.  The  service  times  at  center  j,  {j  = 1,...,M)  form  a 
sequence  of  i.i.d.  random  variables  of  the  generalized  Erlang  type  having 
Pj  phases.  The  rate  of  the  stage  is  constant  and  equal  to  pjk. 


Departures 


Figure  3.1:  Serial  Network  of  Single-Server  Queues 
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The  following  definitions  are  necessary. 

Let 

rij{t)  = number  of  jobs  in  the  queue  and  in  service  at  center  j at  time 
t. 

N{t)  = vector  representation  of  all  nj{t) 

rj[t)  = phase  of  service  in  progress  at  center  j at  time  t. 

Define  rj[t)  = 0 if  server  k is  idle  at  time  t. 

NOTE:  0 < rj[t)  < pj. 

R{t)  = vector  representation  of  all  rj{t) 

S{t)  = state  of  the  system  at  time  t 

= I^W.-RWI- 

It  should  be  noted  that  the  state  of  the  system  is  completely  specified 
by  N{t)  and  R{t).  Due  to  the  memory  less  property  of  the  exponential 
distribution  it  is  not  necessary  to  know  the  time  that  the  current  phase 
of  service  began  at  each  server.  Instead  only  the  phase  itself  needs  to  be 
known. 

Therefore,  since  service  times  in  the  model  described  are  phased  expo- 
nentials, all  that  need  be  known  is  the  phase  of  service  in  progress  in  order 
to  specify  the  distribution  of  remaining  service  time  for  a job  in  service. 
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3.2.2  Solution  Procedure 

Given  the  problem  as  described  above,  the  requirement  is  to  specify 
the  sojourn-time  distribution  (or  remaining  sojourn-time  distribution)  for 
a particular  arriving  job  (or  for  any  job  currently  in  the  system)  which 
finds  the  system  in  state  5 (to)-  Notice  that  any  jobs  behind  the  particular 
job  will  not  affect  its  sojourn-time  since  the  service  rates  are  constant  and 
service  discipline  is  FCFS.  Therefore,  those  jobs  at  service  centers  where  the 
particular  job  has  already  received  service  can  be  eliminated  from  further 
consideration.  Any  jobs  queued  behind  the  particular  job  may  also  be 
eliminated.  Notice  that  the  particular  job  need  not  be  marked  since  it  is 
easily  identified  as  the  last  job  in  the  system. 

Let  n(5)  define  the  state  space  of  the  system.  Explicitly, 

n(5)  = {N{t)  I 0 < nj{t)  < Tij{to)  + Ei<k<j-i{nk{to)  ~ nk{t)), 
R{t)  I 0 < rj{t)  < pjj  = 1,...,M}. 

Note  that  | Q{S]  \ is  finite,  where  | A | = cardinality  of  set  A. 

Now  let  T denote  the  transition  probability  matrix  where 

Tuv  = Pr[Next  state  is  v | Present  state  is  u,  u,v  G n(5)]. 
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Given  that  there  are  M centers,  there  is  a maximum  of  M events  which 
could  cause  a transition  out  of  any  state  u;  that  is,  a completion  of  a phase 
of  service  at  any  of  the  M centers.  Thus,  the  time  to  transition  out  of 
state  u is  equal  to  the  minimum  of  up  to  M exponential  time  intervals. 
It  is  shown  in  Appendix  A.l  that  this  time  is  exponentially  distributed  as 
follows: 

fu{t)  = 

where 


l<j<M;nj{t)>0 

and  rj  = the  phase  of  service  in  progress  at  shop  j in  state  u. 

Thus,  Au  is  the  holding  rate  of  state  u. 

Let  /u(s)  be  the  Laplace-Stieltjes  transform  of  holding  time  of  state  u, 
/u(s),  i.e., 

roo  \ 

L{fAt)]  = l e-‘^dU{t)  = ^ 

Jo  5 + Au 

Define  the  functions  (^(u,v)  and  ^(u,v)  such  that 


<?i»(u,v)  = number  of  the  center  from  which  a completion  of  a phase 
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of  service  causes  the  transition  from  u to  v (u,v  £ fi(5')) 
which  is  0 if  a one-step  transition  u — )•  v is  not  possible. 

^(u,v)  = number  of  the  phase  of  service  at  center  <^(u,  v)  which  causes 
a transition  from  u to  v.  is  0 if  a one-step  transition 

u — > V is  not  possible. 

Then  the  transition  rate  from  state  u to  v of  the  underlying  Markov 
process  is 

-^UV  — ^ 

where  fio,o  = 0.  Notice  that  Tuv  is  also  the  probability  that  a transition 
out  of  state  u goes  to  state  v. 

For  any  row  in  T the  number  of  non-zero  entries  will  is  at  most  M. 
That  is,  the  number  of  events  that  cause  a transition  out  of  a given  state 
is  equal  to  the  number  of  service  centers  that  are  active  in  that  state.  This 
is  obviously  bounded  by  the  total  number  of  service  centers,  M. 

Let  T*  be  a modified  transition  matrix  with  the  following  specification. 
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uv 


weighted  Laplace  transform  of  the  holding  time 


distribution  of  state  u given  the  next  state  is  v, 


>*^(U,V).,MT1.V)  ^ All 


All  a+Au 


^^(U,V).»(U,V) 


s+Au 

Now,  let  the  cumulative  distribution  function  for  the  time  for  the  system 
to  transition  from  state  a to  state  (3{a,l3  G fl(5))  be  Gap{t)  and  let 
be  its  Laplace-  Stieltjes  transform.  Thus, 


Further  define  Hap,  such  that 
= {h} 

= {h  = {hi, hi, ...,  h„)  \ ne  Z^\hi  = a;  = /?; 
hk  G U{Sy,Tk,k+i  ^ 0;  1 < A:  < n} 
where  is  the  set  of  positive  integers. 

The  set  of  all  possible  sequences  of  state  transitions,  or  paths,  from  state 
a to  /?  is  represented  by  Ha^.  Define  | h | as  the  cardinality  of  the  set  of 


links  in  the  path  h which  is  equal  to  the  number  of  state  transitions  in  the 
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path  h from  state  a to  state  (3.  For  a given  a,/?  pair,  | h | for  all  h are 
equal,  i.e.,  all  paths  in  Hap  are  the  same  length. 

Harrison  [30]  proves  that  for  the  exponential  service  case, 

Glfis)  = (/  - T-);‘.  (3.2) 

The  proof  involves  weighting  the  contributions  of  every  path  in  H.  The 
proof  for  the  Erlang  service  case  can  be  done  in  basically  the  same  way 
since  the  state  of  the  system  as  defined  involves  states  whose  holding  times 
are  exponential. 

However,  a different  approach  is  explicitly  provided  below.  By  definition 

= E (3-3) 

i.e.,  the  weighted  Laplace  transform  of  the  time  to  transition  from  a to  /? 
is  equal  to  the  sum  of  the  products  of  the  weighted  Laplace  transform  of 
the  time  for  transition  from  7 to  /?  times  the  modified  transition  rate  from 
a to  7 where  all  7 are  one-step  reachable  states  from  a. 

The  relationship  holds  true  for  any  a,/?.  However,  if  /?  is  a one-step 
reachable  state  from  a,  then  a potential  problem  arises.  In  this  case. 
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Since  by  definition 

GlfM  = Kf 

for  all  one-step  reachable  states  /?,  then  = 1 must  be  true  for  all 

states  /?. 

However,  consider  an  a,  /?  pair  where  /?  is  equal  to  a,  then 

GUs)  = t:^g:^{s),  (3.4) 

where  G*„(5)  = 1 from  above,  and  T*^  = 0,  by  definition.  Substituting 
these  into  ( 3.4)  yields 

1 = 0 which  is  a contradiction. 

Notice  that  for  a,/3  not  equal  and  not  one-step  reachable  states  that 
( 3.3)  is  equivalent  to  the  dot  product  of  two  vectors,  a particular  row  a of 
T*  times  column  (3  of  G*(s). 

Therefore, 

G*{s)  = T*G*{s)  + I (3.5) 

where  the  identity  matrix  / is  added  to  account  for  the  contradiction  de- 
scribed above  along  the  diagonal  elements. 
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Manipulating  Equation  3.5  yields 


G*(s)  = (/-  T*)~‘ 


(3.6) 


and  therefore, 


= (/  - T-);^ 


(3.7) 


for  any  states  a,f3. 

For  the  system  as  specified,  it  is  important  to  note  that  all  states  in 
n are  transient  with  the  exception  of  the  state  corresponding  to  an  empty 
system  (which  is  a capturing  state).  This  is  because  arrivals  to  the  model 
are  ignored  since  they  can  have  no  effect  on  the  sojourn-time  distribution 
of  the  particular  job. 

Therefore,  with  an  appropriate  ordering  of  the  states,  it  is  easily  seen 
that  the  transition  matrix  T,  and  thus  T*  and  (/  — T*)  is  upper-triangular. 
Thus  (/  — T*)“^  can  be  solved  by  simple  back  substitution. 

Each  path  in  Hap  corresponds  to  a unique  realization  of  state  transi- 
tions where  each  transition  interval  is  exponentially  distributed  with  known 
rate.  Consider  one  of  these  paths,  h,  and  let  the  random  variables  X{[i  = 
1,...  I h I)  represent  these  exponentially  distributed  time  intervals.  Let  the 
random  variable  Y represent  the  time  to  traverse  this  path.  Then 


45 


E • 

l<«<|h| 

Thus,  Y is  simply  a finite  sum  of  exponentially  distributed  random 
variables  with  possibly  different  rates.  This  is  the  well  known  generalized 
Erlang  distribution. 

Therefore,  the  distribution  of  Gap{t)  is  the  so-called  generalized  hyper- 
Erlang,  that  is,  a weighted  combination  of  general  Erlang  distributions. 
Each  of  these  general  Erlang  distributions  corresponds  to  a unique  path 
from  state  a to  (3.  Thus,  there  is  a one-to-one  correspondence  between  the 
cardinality  of  H and  general  Erlang  terms  in  Gap{t).  The  weight  associated 
with  each  term  is  the  probability  that  that  corresponding  path  is  taken  in 
transitioning  from  a to  (3. 

3.2.3  A Small  Example 

Consider  a small  network  of  the  type  shown  in  Figure  3.1.  Let  M = 2 
and  let  the  service  distribution  of  servers  1 and  2 be  degenerate  Erlang, 
i.e.,  exponential,  with  rates  pi  and  respectively.  Thus, 

Pj  - 1 for  j = 1,2. 


Since  server  j is  either  idle  (if  rij{t)  = 0)  or  busy  (if  rij{t)  > 0)  and  since 
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Pj  = 1,  R{t)  is  not  required  to  specify  the  state  of  system.  This  is  because 
rj{t)  will  either  be  0 or  1 depending  upon  whether  rij{t)  = 0 or  nj{t)  > 0 
where  Tij{t)  is  the  number  of  jobs  at  center  j at  time  t. 

Explicitly, 


ry(t)  = 


0 if 


rij{t)  = 0, 


1 if  nj{t)  > 0. 

Therefore,  the  state  of  the  system  5(t)  is  completely  specified  by  N{t). 
Now,  for  this  example  let  the  initial  state  of  the  system,  iS'(O),  be 


5(0)  = AT(0)  = (ni(0),n2(0))  = (2,l), 

Arbitrarily  label  the  jobs:  1,2,3  where  job  1 is  in  service  at  shop  2,  job  2 
is  in  service  at  shop  1 and  job  3 is  in  the  queue  at  shop  1. 

The  state  space,  0(5),  for  this  problem  can  be  specified  explicitly  as: 

0(5)  = {(2, 1),  (2,0),  (1, 2),  (1, 1),  (1,0),  (0, 3),  (0, 2),  (0, 1),  (0,0)}. 

The  state  transition  diagram  is  shown  in  Figure  3.2. 

The  nodes  represent  potential  states  of  the  system  and  the  arcs  represent 
potential  one-step  transitions.  For  instance,  from  the  state  (2, 1)  a service 


47 


J£l_ 


Figure  3.2:  State  Transition  Diagram 
NOTE:  Arc  values  represent  traversal  probabilities 
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completion  by  server  1 causes  a transition  to  the  state  (1,2).  Likewise  a 
server  2 completion  causes  a transition  to  the  state  (2,0). 

Define  Wq  as  a mapping  of  the  state  definition,  S,  onto  the  set  of  count- 
ing numbers,  where 

Wq[ni,n2)  - qni  -h  n.2 

and 

(ui,n2)  G n(5),  and  q > Ei<,<M^i(0)>  integer. 

Note  that  q is  an  arbitrary  integer  greater  than  the  total  number  of  jobs 
in  the  system  at  time  0.  This  ensures  that  the  mapping,  Wq,  is  unique 
for  all  (ni,ri2)  G D(5).  Table  3.1  below  lists  the  states  of  the  system  with 
the  corresponding  Wq  value  and  a state  label  which  is  arbitrarily  assigned 
sequentially  based  on  decreasing  Wq  values.  (For  this  example  g = 10  is 
used). 

The  set  of  paths  for  the  transition  from  the  initial  state  of  the  system 
(state  1)  to  an  empty  system  (state  9),  H\^  is  given  below. 

Ffi9  = {hk,k  = 1,5} 


where 
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Table  3.1:  Example  Problem  State  Labels 


State 

IT, 

Label 

(2.1) 

21 

1 

(2,0) 

20 

2 

(1,2) 

12 

3 

(1,1) 

11 

4 

(1,0) 

10 

5 

(0,3) 

3 

6 

(0,2) 

2 

7 

(0,1) 

1 

8 

(0,0) 

0 

9 
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hi  = (1,3, 6, 7, 8, 9) 

/i2  = (1,3,4,7,8,9) 

hs  = (1,3, 4, 5,8, 9)  Note  I 1=  5. 

hi  = (1,2,4,7,8,9) 
h = (1,2,4,5,8,9) 

The  one-step  transition  matrix,  T,  is  specified  in  Table  3.2  and  the 
modified  transition  matrix,  T*,  is  given  in  Table  3.3. 

Now,  given  the  above  specifications,  the  problem  is  to  determine  the 
sojourn-time  distribution  for  job  3 (the  job  in  the  queue  at  center  1).  Ex- 
plicitly, is  of  interest,  i.e.,  the  distribution  of  time  for  the  system  to 

transition  from  state  1 to  state  9.  The  Laplace-Stieltjes  transform  of  the 
solution  can  be  obtained  via  Equation  3.2,  i.e.. 

Notice  that  only  element  (1,9)  of  (7  — T*)"^  is  required;  however,  by  stan- 
dard backward  substitution  all  values  in  column  9 must  be  computed  in 
order  to  obtain  this  element.  The  equations  to  derive  these  values  follow: 

^9,9  (^)  ~ 1 

gj,9(«)  = = jjgjj 

g;.,W  = = (^)^ 
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==  g-;,9(^) 

/^2  — 
(s+#i2) 

GS,9(s) 

= G|,9(«) 

/^l  _ 

(»+#*i) 

GUM 

~ ^7,9('®) 

fH 

{S+H1+H2) 

(_j£a_)3 



(s+fJl)(«+/J2) 

H 

+ 


(«+Mi+#i2j(a+>i2)^  ' (3+Mi+A*2)(»+/il)(«+A*2) 

<^3,9('S)  = ^6,9(^)  {s+j"iV,i2)  (s+^1%1^2) 


»<1M7 


+ 


(3+f*l +#*2)(s+/22)^  (s  + #il+/J2)^(s+#i2)*  (s+#*1+M2)^(3+Mi)(3+M2) 


+ 


g;,9(»)  = g;,.(s) 


Jil_ 


3 + #il) 


AtL 


(s+/2l+fi2)(3+Ml)(«  + ^^2)^  (s  + f*l+M2)(s  + /il)®(s+M2) 


AhL 


<^1,9(«)  - ^3,9('S)  (,+^7+/i2)  ^2,9(^)  (s+/i?+,i2) 

= HM L ^1^2  I 

(s  + /J1+/22)2(s  + M2)®  ' (s+/il+M2)®(»  + #*2)^^ 

J I 

(s+/il+/^2)®(s+Ml)(3+M2)  ' (3+A»l+/i2)^(«+/Jl)(3+/i2)^  ^ 



(s  + Ml+/i2)^(3  + ^il)^(s  + M2) 

= ,,2,.3(' 1 ^ 1 ^ L_ 

^lf^2l(s+;2j+^2)^(3+^l2)®  ' (3  + f*l+/i2)^(s+All){3+M2)^  ' («+M1+M2)^(s+/1i 

L_ 4.  1 

(s+tll+li2)^(s+H2)^  ~ (3+f*l+/l2)®(s+/^l)(s+M2)*) 


'^(3+/i2)”^ 
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Table  3.2:  One-step  Transition  Matrix,  T 


To  State 

From  State 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

- 

Mi 

- 

- 

- 

- 

- 

- 

Ml  + M2 

Ml  + M2 

2 

- 

- 

- 

Ml 

Ml 

- 

- 

- 

- 

- 

3 

- 

- 

- 

M2 

- 

Ml 

- 

- 

- 

Ml  + M2 

Ml  + M2 

4 

- 

- 

- 

- 

M2 

- 

Ml 

- 

- 

Ml  + M2 

Ml  + M2 

5 

- 

- 

- 

- 

- 

- 

- 

Ml 

Ml 

- 

6 

- 

- 

- 

- 

- 

- 

M2 

M2 

- 

- 

7 

- 

- 

- 

- 

- 

- 

- 

M2 

M2 

- 

8 

- 

- 

- 

- 

- 

- 

- 

- 

M2 

9 

- 

- 

- 

- 

- 

- 

- 

- 

- 
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Table  3.3:  Modified  State  Transition  Matrix,  T* 


To  State 

From  State 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

- 

M2 

Ml 

- 

- 

- 

- 

- 

- 

s -}-  A 

5 -|-  A 

2 

- 

- 

- 

Ml 

- 

- 

- 

- 

- 

3 + Ml 

3 

- 

- 

- 

M2 

- 

Ml 

- 

- 

- 

s + A 

s 4“  A 

4 

- 

- 

- 

- 

M2 

- 

Ml 

- 

- 

s A 

5 4“  A 

5 

- 

- 

- 

- 

- 

- 

- 

Ml 

- 

3 + Ml 

6 

- 

- 

- 

- 

- 

- 

M2 

- 

- 

3 + M2 

7 

- 

- 

- 

- 

- 

- 

- 

M2 

- 

3 + M2 

8 

- 

- 

- 

- 

- 

- 

- 

- 

M2 

3 + M2 

9 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Note:  A = /ii  + ;ii2 
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Now,  once  GJ  9(5)  has  been  obtained  the  distribution  Gi,9(t)  can  be  de- 
rived by  inverting  the  transform.  Each  term  in  the  transform  can  be 
manipulated  separately  using  partial  fraction  expansion  to  yield  simple 
terms  of  the  form: 


1=1 


s — a 


where 


At  = a constant, 

a = a state  transition  rate,  and 

k = the  power  of  the  factor  (5  — a)  in  each  term. 

These  terms  can  be  relatively  easily  inverted  back  to  the  time  domain 
yielding  exponential  terms  (see  e.g.  Muth  [52]).  This  inversion,  while  con- 
ceptually simple,  leads  to  computational  problems  as  the  number  of  terms  in 
G*(s)  grows.  For  this  example  these  steps  are  performed  in  Appendix  A. 2. 

As  can  be  seen  from  this  very  simple  example,  obtaining  G(t)  can  be 
a difficult  task.  However,  in  application,  the  explicit  distribution,  G(t),  is 
often  not  required.  Instead,  as  mentioned  previously,  the  mean,  variance, 
and  possibly,  the  probability  that  the  sojourn  time  exceeds  some  threshold 
values  are  more  appropriate.  In  this  case,  reinverting  G*(s)  is  not 
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necessary  as  these  values  can  be  obtained  directly  from  the  transform.  For 
this  purpose,  let 

kth  moment  of  (G*(s)) 

= /o°°  t'‘G{t)dt 

(~l)*'[S'^*('5)]s=o(see  e.g.,  Muth  [52],  p.  193.) 

Thus,  Ps  and  a,,  the  mean  and  variance  of  the  sojourn  distribution  are 


o]=m2  - m\. 

The  probability,  r,  that  a random  variable,  X,  exceeds  a given  value, 
A,  can  be  represented  notationally  as 


T = P[X>  A\  = l-Fx{A), 

where 

Fx  is  the  cumulative  distribution  of  X. 

Platzman,  Ammons,  and  Bartholdi  [54]  derived  a heuristic  for  comput- 
ing P[X  > A\  when  only  Fj^(s),  (Laplace-Stieltjes  transform  of  Fx{x)),  is 
known.  The  approximation  for  r is 


^ u — A a" 

f = h } 

“ - i "n 


sK/s”  - 


(3.8) 
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where  9^[a]  denotes  the  imaginary  part  of  the  complex  number,  a , and 
a = exp[— 

(3  = exp[— Awj]  = cos(ylw)  — jsm{A(jj), 

7 = exp[—Uujj]  = cos(C/a;)  — ysin(t/w), 
u = 2n/{U  - L), 

J = 

L = lower  bound  on  Fx{x), 

U = upper  bound  on  Fx{x), 

D = the  accuracy  to  which  X and  A are  specified,  and 
N = number  of  terms  in  the  approximation. 

The  parameters  L,  U,  D,  and  N can  be  chosen  in  such  a way  to  make  f as 
close  as  desired  to  the  true  value  r. 

The  computation  of  f can  be  easily  coded  requiring  only  seven  memory 
locations.  It  should  be  noted  that  the  difficulty  of  computing  is  dependent 
upon  the  particular  function  F^{s).  This  will  be  discussed  in  the  next 


section. 
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3.2.4  Computational  Considerations 

While  the  back  substitutional  solution  of  {I  — T*)~^  which  yields 
is  a straightforward  and  simplistic  procedure,  there  still  are  computational 
problems  to  overcome. 

The  number  of  back  substitutions  that  must  be  made  to  solve  — 
is  equal  to  the  number  of  states  in  fl(5).  However,  the  number  of  terms 
in  the  solution  of  each  of  these  states  is  equal  to  the  number  of  paths  from 
each  state  to  the  empty  state.  Thus,  the  computational  effort  and  storage 
required  depends  upon  the  number  of  paths  from  a to  /?,  i.e.,  ] Hap  |.  This 
value  is  a function  of  the  number  of  queues,  the  number  of  service  phases 
at  each  shop,  the  initial  state  a,  and  the  final  state  (3. 

For  simplicity,  consider  the  exponential  service  case,  i.e.,  pj  = 1,  for  all 
j.  Let  =|  Hap  |.  This  value  is  sum  of  the  values  for  all 

one-step  reachable  states,  7,  from  state  a.  Thus,  a recursive  relationship 
exists,  which  is,  explicitly, 

h.,(M)  = E /»„(M) 

'l&Ja 

where 


Ja  = set  of  one-step  reachable  states  from  a 
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==  (7  I > 0}. 

Recall  that  | |<  M. 

Consider  a simple  2-queue,  exponential  service  system  as  in  the  example 
in  the  previous  section.  For  such  a system  notice,  from  Figure  3.2,  that  from 
a given  node  (state  of  the  system)  there  are  at  most  2 one-step  reachable 
nodes.  Thus,  the  number  of  paths  from  that  node  to  the  empty  system 
node  (Node  (0,0))  is  simply  the  sum  of  the  number  paths  from  each  of 
the  one-step  reachable  nodes  to  the  empty  system  node.  For  example,  the 
number  of  paths  from  node  (5,3)  is  the  number  of  paths  from  node  (5,2) 
plus  the  number  of  paths  from  node  (4,4). 

The  number  of  paths  from  some  state  a to  another  j3  depends  upon  the 
shape  of  the  state  space.  Table  3.4  below  gives  representative  values  for 
some  simple  networks.  From  this  table  it  is  easy  to  see  that  the  number  of 
paths  explodes  as  the  queue  sizes  increase  and  the  number  of  queues  grows. 

This  explosion  leads  to  storage  problems  and  computational  intractabil- 
ity for  even  relatively  small  problems. 
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Table  3.4:  Number  of  Paths  in  Some  Representative  Scenarios 


Qu( 

1 

;ue  S 
2 

ize  a 
3 

t Shop: 
4 

Number  of  States 

Number  of  Paths 

0 

0 

5 

5 

51 

1638 

0 

0 

10 

5 

121 

1,225,785 

0 

0 

10 

10 

176 

15,737,865 

0 

3 

3 

3 

140 

678,912 

0 

5 

5 

5 

506 

6.726  X 10^° 

0 

5 

10 

5 

1001 

3.244  X 10^“* 

0 

10 

5 

5 

1386 

6.055  X 10^^ 

0 

10 

10 

10 

3311 

4.541  X 10^® 

2 

2 

2 

2 

273 

55,099,278 

3 

3 

3 

3 

969 

8.259  X 10^2 

4 

4 

4 

4 

2530 

1.656  X 10^® 

5 

5 

5 

5 

5481 

3.866  X 10^‘‘ 

10 

10 

10 

10 

27636 

1.064  X 10®® 

All  values  in  this  table  reflect  exponential  service  at  each  shop. 
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3.3  Heuristic  Solution  Procedures 

Motivated  by  the  failure  of  the  exact  technique  to  yield  efficient  solu- 
tions for  the  serial  queueing  model,  heuristics  are  developed  in  this  section. 
First,  a Monte-Carlo  simulation  model  is  developed  for  evaluation  of  its  own 
merits,  as  well  as,  for  a means  of  obtaining  a “true”  sojourn-time  distribu- 
tion for  problems  where  exact  solutions  are  not  attainable  at  a reasonable 
cost.  Following  that,  two  simple  heuristics  are  presented  which  are  founded 
on  the  principles  of  the  Central  Limit  Theorem. 

3.3.1  Monte-Carlo  Simulation 

A simulation  model  of  the  serial  queueing  problem  has  been  developed 
in  FORTRAN.  The  model  has  been  structured  in  modular  form  to  facilitate 
the  verification  and  validation  processes. 

The  model  itself  is  a terminating  simulation  which  is  repeatedly  run  us- 
ing different  random  number  streams  in  order  to  empirically  build  sojourn- 
time distributions.  The  number  of  repetitions  can  be  gauged  to  ensure  a 
specified  accuracy  in  matching  the  true  sojourn-time  distribution. 
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The  development  of  a simulation  model  of  a serial  shop  queueing  net- 
work is  of  little  academic  interest  and,  therefore,  will  not  be  discussed  in 
any  detail.  The  model  was  validated  against  the  exact  distribution  through 
comparison  of  the  mean,  variance,  and  distribution.  The  specifics  of  the 
validation  are  provided  in  the  results  section  (Section  3.5.2). 

3.3.2  Deterministic  Simulation  Heuristic  (DSH) 

The  inherent  difficulty  of  the  exact  analytic  solution  lies  in  the  vast 
number  of  paths  that  the  system  may  traverse  as  the  particular  job  is 
serviced.  This,  coupled  with  the  correlation  or  dependence  between  the 
individual  shop  sojourn  times  (discussed  in  Chapter  2)  make  such  a solution 
impractical  for  all  but  very  small  problems. 

Perhaps  the  simplest  heuristic  scheme  is  to  assume  that  all  service  times 
are  deterministic  (and  equal  to  the  mean  of  the  appropriate  service  distri- 
bution) and  make  a single  pass  simulation  using  these  fixed  service  times. 
This  would  give  an  approximation  for  the  mean  sojourn  time.  The  vari- 
ance could  be  approximated  by  simply  summing  variances.  This  is  the  basic 
scheme  of  the  Deterministic  Simulation  Heuristic  (DSH). 
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The  key  difference  between  this  heuristic  and  the  exact  solution  is  that 
the  exact  technique  makes  use  of  all  possible  paths  that  the  system  may 
transition  through  while  the  heuristic  is  concerned  only  with  the  most  prob- 
able. The  exact  solution  consists  of  a weighted  combination  of  all  paths 
and  thus  the  exact  sojourn  distribution  is  generalized  hyper-Erlang,  while 
for  the  heuristic  it  is  simply  a generalized  Erlang. 

Motivation  for  the  heuristic.  The  motivation  for  DSH  is  the  Central 
Limit  Theorem.  The  application  of  this  theorem  can  best  be  explained  by 
way  of  a small  example. 

Consider  a 2 queue  serial  network  of  exponential  servers  with  nearly 
equal  rates.  Assume  the  particular  job  is  at  the  back  of  the  first  queue  and 
both  queues  contain  several  jobs. 

Now,  the  distribution  of  time  that  the  particular  job  spends  at  the  first 
queue  is  simply  the  sum  of  exponentially  distributed  intervals  since  the 
job  must  wait  for  all  jobs  ahead  of  it  to  complete  service  before  it  can  be 
processed.  Thus,  the  distribution  of  time  at  the  first  shop  is  an  N stage 
special  Erlang  where  N is  the  number  of  jobs  at  Shop  1. 
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The  distribution  of  time  at  the  second  shop  is  similar  except  that  there 
is  a probability  distribution  associated  with  N;  that  is,  N could  take  on 
values  from  1 to  K,  where  K is  the  total  number  of  jobs  in  the  system  at 
the  start. 

Since  the  service  rates  are  nearly  equal  and  the  number  of  jobs  at  each 
shop  is  significant  (greater  than  3),  then,  by  the  Central  Limit  Theorem,  the 
distribution  of  jobs  at  the  second  shop  will  be  relatively  symmetric  about 
the  mean.  In  turn,  the  sojourn-time  distribution  at  the  second  shop  will 
also  be  effectively  symmetric.  Therefore,  the  heuristic  should  give  good 
results.  In  fact,  as  demonstrated  in  Section  3.5  and  Section  3.6,  such  a 
heuristic  is  robust  in  that  it  gives  good  results  for  many  cases  where  the 
service  rates  are  not  similar  and  where  the  number  of  jobs  is  small. 

Generalization  of  the  technique  to  cases  of  more  shops  in  series  is  straight- 
forward. The  same  is  true  for  service  distributions  of  the  phased  exponential 
form  (generalized  Erlang).  In  fact,  as  the  variance  of  the  service  distribution 
gets  tighter  the  heuristic  should  give  better  results  since  the  tail  probabili- 
ties of  the  associated  distributions  of  the  number  of  jobs  at  each  shop  will 


get  smaller. 
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Solution  algorithm.  Implementation  of  the  DSH  technique  is  extremely 
simple  with  computational  effort  of  order  M where  M is  the  number  of 
shops.  The  algorithm  used  for  the  purposes  of  this  research  is  presented 
below. 

Definitions;  The  following  definitions  are  necessary. 

NJOB[j)  - The  maximum  number  of  jobs  that  could  be  at  shop  j upon 
arrival  of  the  particular  job.  (Includes  the  particular  job.) 

ST  AGE  [j]  - The  shop  sojourn-time  estimate  for  the  particular  job  at  shop 

j- 

SV AR[j)  - The  contribution  to  the  variance  of  the  total  sojourn  time  from 
the  shop  sojourn  time  at  shop  j. 

NUMC[j)  - The  number  of  service  completions  at  shop  j during  the  time 
the  particular  job  is  at  that  shop.  This  may  have  a fractional 
part  if  a service  is  in  progress  upon  arrival  of  the  particular 
job.  This  fractional  part  represents  the  remaining  average 
service  time  divided  by  the  average  service  time. 


Pj  - the  number  of  service  phases  at  shop  j. 
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fiij  - the  service  rate  of  the  fth  phase  of  service  at  shop  j. 

fij  - total  service  rate  at  shop  j,  i.e., 

1 

H ^ T 

T - approximated  total  sojourn  time  for  the  particular  job. 

Algorithm: 

Step  1:  Determine  N JOB[j)  for  each  shop  j according  to  the  following 
NJOB{j)=  Y.  j = 

i<»<j 

where  n,  (0)  = number  of  jobs  at  shop  i at  time  0.  (See  Section  3.2.1.),  and 
M = number  of  shops. 

Step  2:  Determine  the  expected  shop  sojourn  time  and  variance  at  shop  1, 
STAGE{1)  and  SVAR{1)  as 

STAGE{1)  = ni(0)/Mi, 

SF/lB(l)=n,(0)/  j: 

l<»<py 

and  set  the  number  of  completions  at  shop  1 to  its  deterministic  value,  i.e.. 
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NUMC[l)  = m(0). 

Step  3;  Determine  ST AGE[j)  and  NUMC{j)  for  all  j = 2,  ...M  as  follows: 
NUMC{j)  = MAX{l,NJOB{j)  - ( STAGE{i))  * flj)  (3.9) 

i<t<j 

STAGE{j)  = NUMC{j)ltij  (3.10) 

SVAR{j)=NUMC{j)l  4-  (3-11) 

l<*<Py 

In  Equation  ( 3.9)  the  use  the  maximum  ensures  that  the  number  of  jobs 
at  shop  j is  at  least  one  (the  particular  job  itself). 

Step  4:  Determine  Total  Sojourn  Estimate  Mean  and  Variance  as  follows: 
E[T]  = STAGE{J)  (3.12) 

l<j<M 

Var[T]  = Yi  SVAR{J).  (3.13) 

i<i<M 

The  algorithm  is  coded  in  a FORTRAN  program  a listing  of  which  is  pro- 
vided in  Appendix  B.l. 

The  reason  that  the  technique  is  effective  lies  in  the  symmetry  of  the 
associated  distributions.  It  should  be  intuitively  obvious  that  using  mean 
values  should  lead  to  good  estimate  of  the  overall  mean  even  for  skewed 
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distributions.  However,  for  the  variance,  two  key  factors  affect  the  per- 
formance of  such  a heuristic.  First,  for  the  Markovian  systems  under 
consideration,  the  form  of  the  variance  of  the  individual  service  times  is 
proportionally  additive.  That  is,  the  variance  associated  with  N service 
completions  from  identical  service  distributions  is  N times  the  variance  of 
a single  completion.  The  second  factor  is  the  symmetry  involved.  These 
factors  allow  for  averaging  of  variances  across  all  possible  values  of  N to 
yield  an  effective  estimate  of  the  true  variance. 

3.3.3  Enhanced  Deterministic  Simulation  Heuristic  (PPL) 

An  inherent  problem  with  the  DSH  technique  occurs  in  situations  where 
the  service  variances  at  the  individual  shops  are  large  and,  according  to  the 
heuristic,  the  particular  job  finds  no  jobs  or  only  a few  jobs  ahead  of  it  at 
a given  shop.  In  these  cases,  it  was  anticipated  that  the  heuristic  would 
give  a low  estimate  of  the  mean  and  variance  contribution  from  that  shop 
to  the  total  sojourn  time. 

The  following  paragraphs  provide  the  motivational  details  for  an  en- 
hanced version  of  the  deterministic  simulation  heuristic,  which  will  be  re- 


ferred to  as  the  DPL  technique. 
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Table  3.5:  Coefficient  of  Skewness  for  some  Representative  Distributions 


Stages  of  Service 

Number  in  Queue 

1 

2 

3 

4 

5 

1 

2.12 

1.63 

1.44 

1.34 

1.28 

2 

1.63 

1.34 

1.23 

1.18 

1.14 

3 

1.44 

1.23 

1.16 

1.12 

1.10 

5 

1.28 

1.14 

1.10 

1.07 

1.06 

10 

1.14 

1.07 

1.05 

1.04 

1.03 

The  cases  where  the  particular  job  finds  a near-empty  queue  upon  ar- 
rival at  a given  shop  are  potentially  troublesome  because  of  the  skewed 
shop  sojourn-time  distributions  that  result.  The  coefficient  of  skewness  is 
displayed  in  Table  3.5  for  the  sojourn  time  distribution  at  a single  shop  with 
some  representative  special-Erlang  service  distributions  and  queue  sizes  of 
1,  2,  3,  4,  and  5.  From  this  table  it  can  seem  that  as  the  queue  size  in- 
creases and/or  the  number  of  phases  of  service  increases  (for  a constant 
mean  service  time,  hence  tighter  variance)  the  coefficient  of  skewness  de- 
creases. If  the  queue  size  is  sufficiently  large  then  the  skewness  coefficient 
is  effectively  1 and  hence  the  sojourn  distribution  is  effectively  symmetric. 
The  same  is  true  if  the  number  of  phases  of  service  is  sufficiently  large  or 
if  the  combination  of  queue  size  and  number  of  phases  is  large  enough. 
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The  DSH  technique  assumes  that  the  sojourn  time  distribution  for  the 
particular  job  at  each  shop  in  the  serial  network  is  effectively  symmetric. 
In  this  case,  a deterministic  approximation  turns  out  to  be  a good  esti- 
mate. However,  if  the  sojourn  distribution  at  a shop  is  skewed  because  the 
combination  of  queue  size  and  number  of  phases  of  service  is  small  then  a 
deterministic  approximation  will  tend  to  underestimate  the  true  shop  so- 
journ mean.  This  occurs  because  of  the  bottoming  out  effect  that  having 
none  or  very  few  jobs  queued  and  a small  number  of  service  phases  causes. 
There  is  obviously  a minimum  for  the  contribution  to  the  total  sojourn- 
time from  a given  shop.  This  lower  bound  value  approaches  zero.  Since 
the  exponential  and  phase-type  exponential  distributions  are  theoretically 
unbounded,  the  upper  bound  on  the  contribution  is  unbounded.  However, 
practical  bounds  can  be  established  by  using  such  rules  of  thumb  as  the 
three  standard  deviation  rule. 

Therefore,  if  the  mean  shop  sojourn-time  is  large  enough  with  respect 
to  the  variance  of  this  time  then  the  distribution  should  be  relatively  sym- 
metric by  the  Central  Limit  Theorem.  Due  to  this  symmetry,  using  only 


70 


the  mean  shop  sojourn  time  and  the  variance  associated  with  this  value 
should  give  a good  approximation  to  the  actual  value. 

The  DPL  heuristic  attempts  to  account  for  this  problem.  If  the  number 
of  queued  jobs  at  a given  shop  j is  large  (greater  than  3)  upon  arrival  the 
particular  job,  then  DPL  uses  the  DSH  approximation  for  the  mean  and 
variance  contributions  at  that  shop.  However,  if  this  value  is  small  at  shop 
j,  then  the  estimate  for  the  shop  sojourn  is  adjusted. 

The  DPL  heuristic  incorporates  a probabilistic  estimate  for  the  shop 
sojourn  mean  for  those  troublesome  cases  just  described.  This  estimate  is 
based  on  the  following  observations. 

Consider  a simple  2 queue  network  with  exponential  servers  working 
at  rates  and  respectively.  Assume  that  both  servers  are  busy.  The 
probability  that  the  first  server  completes  its  service  before  the  second  is 

= 

(Mi  + M2) 

This  can  be  taken  directly  from  Figure  3.2  for  any  node  where  both  servers 
are  active  (node  (2,1)  for  example). 

Now  if  the  queue  at  shop  1 is  empty  and  the  queue  at  shop  2 contains  1 
job,  and  the  job  in  service  at  shop  1 is  considered  the  particular  job,  then 
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the  probability  that  the  particular  customer  completes  service  and  finds  a 
total  of  3 jobs  at  shop  2 is  given  in  Equation  3.14.  The  probability  that  it 
finds  3 jobs,  2 jobs,  and  1 job  can  be  derived  straight  from  Figure  3.2  as  the 
path  probabilities  from  node  (1,2)  to  (0,3),  (0,2),  and  (0,1),  respectively. 
Explicitly, 


(mi  + M2) 

^ M1M2 

(mi  + M2)^ 

Pi  = 1 - (M2  + Ps)  = 7 — ^ — r 

(Mi  + M2) 

The  exact  probabilities  for  special  Erlang  service  instead  of  exponen- 
tial can  be  computed  but  involve  a much  more  complicated  formula  not 
in  keeping  with  the  goal  of  simple  heuristic  methodologies.  For  example, 
consider  the  same  scenario  as  just  described  except  assume  that  the  service 
distributions  are  2 stage  special  Erlang.  The  three  probabilities  in  this  case 
are 


Mi(Mi  + 3M2) 
(mi  + M2)® 

3m?M2  + 7m^M2 

(Mi  + M2)® 
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^ 5A1A2  + A2 

(Ai  + A2)® 

where  p,j  is  the  total  service  rate  at  shop  j. 

Note  that  for  nearly  equal  rates  pz  « 0.5  which  is  also  true  for  pz  for  the 
exponential  service  case.  However,  the  associated  shop  sojourn  time  is  not 
simply  a weighted  combination  of  a 3-fold  convolution  of  a 2-stage  Erlang, 
a 2-fold  convolution,  and  a single  2-stage  distribution  where  the  weights  are 
the  above  probabilities.  For  this  to  be  true  the  stage  of  service  in  progress 
at  shop  2 would  have  to  be  stage  1 upon  completion  of  the  particular 
job  at  shop  1.  Thus,  the  true  shop  sojourn  time  would  be  somewhat  less 
than  the  weighted  combination  just  described.  Determination  of  the  exact 
distribution  is  certainly  possible.  However  even  for  this  simple  example  it 
would  be  quite  complex. 

Therefore,  to  avoid  the  complicating  factors  associated  with  determining 
the  exact  probabilites  of  the  number  of  jobs  the  particular  job  will  find 
at  successive  shops,  the  DPL  heuristic  uses  a simplification  of  the  above 
derivation  for  those  cases  where  the  deterministic  approximation  of  the 
number  of  jobs  suggests  that  the  value  is  small.  It  adjusts  the  probabilities 
derived  for  the  exponential  case  for  use  in  those  cases  where  staged  Erlang 
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service  is  assumed.  The  adjustment  gives  more  weight  towards  the  events 
associated  with  fewer  jobs  than  the  weight  derived  above  for  the  exponential 
case.  This  scheme  is  in  keeping  with  the  goal  of  a simple,  yet  accurate, 
heuristic. 

For  the  following  let  L represent  the  number  of  jobs  potentially  at  shop 
j upon  arrival  of  the  particular  job  according  to  the  DSH  technique.  Based 
upon  empirical  evidence  and  the  coefficients  of  skewness  shown  in  Table  3.5 
if  the  number  of  jobs  at  a shop  upon  arrival  of  the  particular  job  is  greater 
than  3 then  the  standard  DSH  estimates  are  used  to  approximate  the  so- 
journ contribution  from  that  shop.  However,  if  this  value  is  3 or  less  then 
the  following  is  used. 

Let 

Pl  - 

Mi  + Mi-1 

fl  = fi(. 

Mi  + Mi-1 

where  I = 2,  ...,L  — 1 and  rj  = number  of  phases  of  service  at  shop  j. 

P,  = 1.0- J2Pi 
1=2 
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L 

NUMC{j) 

1=1 

The  stage  variance,  SVAR{j),  is  computed  via  Equation  3.11  if  L is 
greater  than  3,  otherwise  the  following  is  used: 

SVARU)  = t 
1=1 

The  stage  sojourn  time,  ST AGE{j),  is  calculated  via  Equation  3.10  as 
in  the  DSH  estimate  except  the  NUMC[j)  computed  above  is  used.  The 
expected  sojourn  time,  E\T],  and  the  expected  sojourn  variance,  V ar\T], 
are  computed  via  Equations  3.12  and  3.13. 

A listing  of  the  DPL  program  is  provided  in  Appendix  B.2. 

3.4  Experimental  Design 

An  experimentation  plan  was  developed  in  order  to  evaluate  the  effec- 
tiveness of  both  the  DSH  and  DPL  heuristics  versus  the  true  solution  or 
an  empirical  approximation  based  upon  the  Monte-Carlo  simulation  model. 
The  plan  also  served  to  validate  the  Monte-Carlo  model  so  that  it  could  be 
used  in  those  cases  where  the  exact  solution  was  unattainable. 


75 


The  plan  consisted  of  a set  of  example  scenarios  which  were  designed  to 
test  the  heuristics  under  conditions  similar  to  those  found  in  the  NARF-like 
facilities  described  in  Chapter  1.  The  dominating  factor  of  these  facilities 
is  heavy  traffic.  Scenarios  which  did  not  fall  into  this  category  were  also 
included  to  test  the  robustness  of  the  heuristics. 

The  experimentation  was  designed  around  four  key  parameters:  the 
number  of  shops,  the  initial  queue  lengths,  the  shop  service  rates,  and  the 
service  distributions.  The  number  of  shops  was  set  at  four  levels;  2,3,5, 
and  10.  The  queue  lengths  were  varied  from  1 to  12. 

The  service  rates  were  normalized  to  a base  value  of  1.0.  For  purposes 
of  emulating  NARF-like  facilities,  rates  between  0.8  and  1.0  were  used. 
However,  as  low  as  0.2  were  also  included  to  test  robustness. 

A set  of  examples  was  developed  to  test  a full  design  of  the  levels  of  each 
of  these  three  factors.  These  examples  are  displayed  in  Table  3.6,  Table  3.7, 
Table  3.8,  and  Table  3.9.  Each  example  was  solved  for  each  of  5 different 
service  time  distributions.  These  distributions  included  the  exponential 
distribution;  three  special  Erlang  distributions  where  the  number  of  stages 
took  on  the  values  2,3,  and  5;  and  a truncated  normal  distribution  where 


Table  3.6:  Example  Numbers  for  2 Queue  Scenarios 


Example  Number 

Service  Rate  at  Shops  1-2 

Queue  Size  at  Shop 

1.0 

0.8 

0.5 

0.2 

1.0 

1.0 

1.0 

1,2 

1.0 

1.0 

1.0 

1.0 

0.8 

0.5 

0.2 

1,1 

1 

26 

51 

76 

101 

126 

151 

1,2 

2 

27 

52 

77 

102 

127 

152 

1,5 

3 

28 

53 

78 

103 

128 

153 

1,8 

4 

29 

54 

79 

104 

129 

154 

1,12 

5 

30 

55 

80 

105 

130 

155 

2,1 

6 

31 

56 

81 

106 

131 

156 

2,2 

7 

32 

57 

82 

107 

132 

157 

2,5 

8 

33 

58 

83 

108 

133 

158 

2,8 

9 

34 

59 

84 

109 

134 

159 

2,12 

10 

35 

60 

85 

no 

135 

160 

5,1 

11 

36 

61 

86 

111 

136 

161 

5,2 

12 

37 

62 

87 

112 

137 

162 

5,5 

13 

38 

63 

88 

113 

138 

163 

5,8 

14 

39 

64 

89 

114 

139 

164 

5,12 

15 

40 

65 

90 

115 

140 

165 

8,1 

16 

41 

66 

91 

116 

141 

166 

8,2 

17 

42 

67 

92 

117 

142 

167 

8,5 

18 

43 

68 

93 

118 

143 

168 

8,8 

19 

44 

69 

94 

119 

144 

169 

8,12 

20 

45 

70 

95 

120 

145 

170 

12,1 

21 

46 

71 

96 

121 

146 

171 

12,2 

22 

47 

72 

97 

122 

147 

172 

12,5 

23 

48 

73 

98 

123 

148 

173 

12,8 

24 

49 

74 

99 

124 

149 

174 

12,12 

25 

50 

75 

100 

125 

150 

175 

Table  3.7:  Example  Numbers  for  3 Queue  Scenarios 


Example  Number 

Service  Rate  at  Shops  1-3 

1.0 

1.0 

1.0 

0.8 

1.0 

0.8 

0.8 

Queue  Size  at  Shop 

1.0 

1.0 

0.8 

1.0 

0.8 

1.0 

0.8 

1,2,3 

1.0 

0.8 

1.0 

1.0 

0.8 

0.8 

1.0 

1,1,1 

176 

204 

232 

260 

288 

316 

344 

5,1,1 

177 

205 

233 

261 

289 

317 

345 

1,5,1 

178 

206 

234 

262 

290 

318 

346 

1,1,5 

179 

207 

235 

263 

291 

319 

347 

5,5,1 

180 

208 

236 

264 

292 

320 

348 

5,1,5 

181 

209 

237 

265 

293 

321 

349 

1,5,5 

182 

210 

238 

266 

294 

322 

350 

5,5,5 

183 

211 

239 

267 

295 

323 

351 

8,1,1 

184 

212 

240 

268 

296 

324 

352 

1,8,1 

185 

213 

241 

269 

297 

325 

353 

1,1,8 

186 

214 

242 

270 

298 

326 

354 

8,8,1 

187 

215 

243 

271 

299 

327 

355 

8,1,8 

188 

216 

244 

272 

300 

328 

356 

1,8,8 

189 

217 

245 

273 

301 

329 

357 

8,5,5 

190 

218 

246 

274 

302 

330 

358 

5,8,5 

191 

219 

247 

275 

303 

331 

359 

5,5,8 

192 

220 

248 

276 

304 

332 

360 

8,8,5 

193 

221 

249 

277 

305 

333 

361 

8,5,8 

194 

222 

250 

278 

306 

334 

362 

5,8,8 

195 

223 

251 

279 

307 

335 

363 

8,8,8 

196 

224 

252 

280 

308 

336 

364 

7,7,7 

197 

225 

253 

281 

309 

337 

365 

7,8,8 

198 

226 

254 

282 

310 

338 

366 

8,7,8 

199 

227 

255 

283 

311 

339 

367 

8,8,7 

200 

228 

256 

284 

312 

340 

368 

7,7,8 

201 

229 

257 

285 

313 

341 

369 

7,8,7 

202 

230 

258 

286 

314 

342 

370 

8,7,7 

203 

231 

259 

287 

315 

343 

371 

Table  3.8:  Example  Numbers  for  5 Queue  Scenarios 


Example  Number 

Service  Rate  at  Shops  1-5 

1.0 

0.8 

1.0 

1.0 

0.8 

0.9 

0.85 

1.0 

0.85 

0.95 

0.9 

0.9 

1.0 

0.9 

1.0 

0.9 

0.9 

0.8 

1.0 

0.9 

0.8 

Queue  Size  at  Shop 

1.0 

0.95 

0.85 

0.9 

0.9 

1.0 

0.95 

1,2,  3,4,5 

1.0 

1.0 

0.8 

1.0 

0.8 

0.9 

1.0 

10,10,10,10,10 

373 

388 

404 

420 

436 

452 

468 

10,8,9,10,7 

373 

389 

405 

421 

437 

453 

469 

7,8,9,10,10 

374 

390 

406 

422 

438 

454 

470 

10,9,8,9,10 

375 

391 

407 

423 

439 

455 

471 

8,9,10,9,8 

376 

392 

408 

424 

440 

456 

472 

7,10,5,8,9 

377 

393 

409 

425 

441 

457 

473 

6,10,9,7,8 

378 

394 

410 

426 

442 

458 

474 

10,9,10,8,10 

379 

395 

411 

427 

443 

459 

475 

8,8,8,10,10 

380 

396 

412 

428 

444 

460 

476 

10,10,6,9,8 

381 

397 

413 

429 

445 

461 

477 

9,10,9,8,7 

382 

398 

414 

430 

446 

462 

478 

10,10,9,9,9 

383 

399 

415 

431 

447 

463 

479 

9,7,8,9,10 

384 

400 

416 

432 

448 

464 

480 

5j5 

385 

401 

417 

433 

449 

465 

481 

5,6,7,7,6 

386 

402 

418 

434 

450 

466 

482 

9,9,10,10,9 

387 

403 

419 

435 

451 

467 

483 

79 


Table  3.9:  Example  Numbers  for  10  Queue  Scenarios 


Example  Number 

Service  Rate  at  Shops  1-10 

1.0 

1.0 

0.8 

1.0 

0.8 

0.8 

0.7 

1.0 

0.9 

0.85 

0.95 

0.9 

1.0 

1.0 

1.0 

1.0 

0.9 

0.9 

1.0 

0.9 

0.8 

1.0 

0.9 

0.95 

0.85 

0.9 

1.0 

0.9 

1.0 

1.0 

1.0 

0.8 

0.8 

0.8 

0.8 

1.0 

0.9 

0.95 

0.8 

0.8 

1.0 

1.0 

1.0 

1.0 

0.9 

0.85 

0.9 

0.9 

0.9 

1.0 

0.9 

0.85 

0.9 

1.0 

1.0 

0.9 

Queue  Size  at  Shop 

1.0 

1.0 

0.8 

0.95 

0.9 

0.8 

0.8 

1,  2,  3,  4,  5,  6,  7,  8,  9,  10 

1.0 

0.9 

0.8 

1.0 

0.8 

1.0 

1.0 

10,10,10,10,10,10,10,10,10,10 

484 

500 

516 

532 

548 

564 

580 

8,9,10,8,10,9,8,10,10,9 

485 

501 

517 

533 

549 

565 

581 

10,9,10,10,9,7,8,9,8,7 

486 

502 

518 

534 

550 

566 

582 

8,8,8,9,9,9,10,10,10,10 

487 

503 

519 

535 

551 

567 

583 

10,10,10,9,9,9,8,8,8,8 

488 

504 

520 

536 

552 

568 

584 

5,5,6,7,7,8,9,9,10,10 

489 

505 

521 

537 

553 

569 

585 

10,5,10,5,10,5,10,5,10,5 

490 

506 

522 

538 

554 

570 

586 

10,8,10,8,10,8,10,8,10,8 

491 

507 

523 

539 

555 

571 

587 

10,5,9,6,10,7,8,6,9,8 

492 

508 

524 

540 

556 

572 

588 

5,6,7,10,10,10,6,5,8,7 

493 

509 

525 

541 

557 

573 

589 

6,7,8,9,10,10,9,8,7,6 

494 

510 

526 

542 

558 

574 

590 

5,5,5,6,10,6,5,6,5,10 

495 

511 

527 

543 

559 

575 

591 

10,10,5,6,8,10,9,7,8,6 

496 

512 

528 

544 

560 

576 

592 

8,7,9,10,7,10,8,10,9,9 

497 

513 

529 

545 

561 

577 

593 

10,10,10,9,8,8,9,10,10,10 

498 

514 

530 

546 

562 

578 

594 

5,6,7,8,9,10,10,9,10,8 

499 

515 

531 

547 

563 

579 

595 
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the  variance  corresponded  to  an  equivalent  10  stage  Erlang.  These  distri- 
butions provided  a means  to  determine  the  effect  of  the  variance  on  the 
heuristics.  The  exponential  distribution  case  provided  the  highest  variance 
case  and  the  variance  was  decreased  in  the  2 stage  Erlang,  and  so  on  with 
the  normal  distribution  providing  the  lowest  variance  case.  Henceforth, 
the  example  datasets  with  the  exponential  service  times  are  referred  to  as 
the  Model  1 datasets,  those  with  2 stage  Erlang  distribution  are  Model  11, 
those  with  3 stage  are  Model  21,  those  with  5 stage  are  Model  31,  and 
finally  those  with  the  truncated  normal  are  Model  41. 

3.5  Results 

In  this  section  the  results  of  the  experimentation  plan  are  presented. 
This  presentation  is  organized  as  follows.  First,  computational  require- 
ments of  the  exact  technique  are  presented  in  Section  3.5.1.  Next,  the 
results  of  the  validation  of  the  Monte-Carlo  simulation  runs  are  provided 
in  Section  3.5.2.  Finally,  the  results  and  analysis  of  the  performance  of  the 
DSH  and  DPL  heuristic  techniques  are  given  in  Section  3.5.3. 
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3.5.1  Computational  Requirements  of  Exact  Solution 

The  exact  analytic  algorithm  was  implemented  for  those  Model  1 ex- 
ample scenarios  with  2 queues  in  series.  Attempts  to  solve  larger  problems 
were  aborted  due  to  computational  storage  and  time  requirements  that 
were  beyond  acceptable  limits.  Approximately  10  megabytes  of  core  stor- 
age were  required  for  the  2 queue  problems  with  maximum  of  30  total  jobs 
in  the  system.  It  should  be  noted  that  a scheme  to  reduce  the  storage 
requirements  was  implemented.  This  scheme  was  based  on  the  observation 
that  state-space  paths  may  have  duplicate  traversal  distributions  and  thus 
have  identical  terms  in  the  overall  sojourn  distribution.  This  duplicity  is 
fairly  common  especially  in  systems  with  nearly  equal  initial  queue  lengths 
and  can  reduce  the  storage  requirements  by  as  much  as  a couple  of  orders 
of  magnitude. 

One  problem  with  this  is  that  the  amount  of  duplicity  is  dependent  upon 
the  shape  of  the  state  space  and  thus  is  very  difficult,  if  not  impossible, 
to  determine  a priori.  Another  observation  led  to  further  reduction  of 
storage.  This  scheme  takes  advantage  of  the  fact  that  every  state  is  one- 
step  reachable  by  at  most  M other  states  where  M is  the  number  of  queues. 


82 


Thus,  during  the  back  substitution  process  once  a state  has  been  used  M 
times  all  information  stored  about  that  state  can  be  eliminated,  thus  freeing 
the  associated  storage  locations. 

However,  even  using  these  schemes,  small  3 queue  examples  required 
more  storage  than  was  available  (18  megabytes).  The  biggest  contributing 
factor  to  the  space  requirements  is  the  number  of  possible  paths  through 
the  state  space.  Even  relatively  efficient  schemes  to  transfer  core  storage  re- 
quirements to  high  speed  disks  were  prohibitive  given  the  storage  required. 

3.5.2  Monte-Carlo  Simulation  Validation  and  Calibration 

The  Monte-Carlo  simulation  model  was  developed  both  for  evaluation 
of  its  own  merits  as  a tool  for  solving  the  problem  at  hand  and  to  provide 
a reliable  approximation  of  the  true  sojourn-time  distributions. 

In  order  to  use  this  technique  the  model  results  were  first  compared 
with  the  exact  results  to  ensure  that  the  model  was  correctly  defined.  This 
comparison  also  provided  a means  for  calibrating  the  number  of  iterations 
that  were  required  to  provide  results  within  given  tolerance  levels  and  yet 
minimize  the  computer  time  required  to  run  the  simulation. 
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The  validation  process  involved  performing  statistical  tests  on  the  em- 
pirical mean  and  variance  from  the  simulation  versus  the  exact  values  from 
the  analytic  model.  In  addition,  distribution  tests  were  also  performed. 
Each  of  these  are  discussed  in  detail  below. 

A simple  two-tailed  statistical  hypothesis  test  on  the  mean  from  the  sim- 
ulation versus  the  exact  mean  for  the  2 queue  Model  1 scenarios  (examples 
1-175)  was  performed.  The  hypothesis  test  was  as  follows: 

Ho  : 11  = Ho 

Hi:  fJ'O 


where 

H = mean  from  simulation  model,  and 
Ho  = exact  mean. 

The  test  statistic,  Z,  was 

_ M - Mo 

a/v^’ 


where  a = true  standard  deviation.  The  acceptance  region  for  this  test  was 
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~^al2  < Z < Zaji 

where  a.  is  the  probability  of  rejecting  the  null  hypothesis  Hq  when  it  is  in 
fact  true. 

As  with  the  mean,  a simple  two-tailed  test  on  the  variance  was  also 
performed.  In  particular,  a chi-square  statistic  was  used  as  follows: 

Hq:  = al 

al 

where  = variance  from  simulation  model,  and  CTq  = exact  variance. 

The  test  statistic,  was 

7 = n — 1 degrees  of  freedom 
n = number  of  iterations  of  the  simulation. 

The  acceptance  region  was 

The  distributions  of  sojourn  times  built  empirically  from  the  iterations 
of  the  Monte-Carlo  model  were  compared  to  the  distributions  found  via 
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the  exact  technique.  A Kolmogorov-Smirnov  test  was  employed  as  means 
of  determining  the  goodness  of  fit.  However,  due  to  the  form  of  the  exact 
solution,  determination  of  interval  probabilities  would  have  required  explicit 
reinversion  from  the  transform  domain  to  the  time  domain.  The  large 
number  of  terms  in  the  transform  made  this  an  unattractive  computational 
option.  Instead,  the  previously  mentioned  heuristic  developed  by  Platzmon, 
Ammons,  and  Bartholdi  was  used  to  approximate  the  interval  probabilities 
directly  from  the  transform  solution. 

Based  upon  the  results  of  these  tests,  it  was  found  that  5000  iterations  of 
the  Monte-Carlo  model  more  than  ensured  that  none  of  the  null  hypotheses 
were  rejected  at  the  0.05  level  for  any  of  the  2 queue  examples  from  the 
Model  1 dataset.  This  value  was  then  used  for  all  further  Monte-Carlo  runs 
for  all  example  datasets. 

3.5.3  Results  of  Heuristics 

In  this  section  the  results  of  the  heuristic  DSH  and  DPL  techniques  are 
compared  to  those  of  the  exact  solution  and  the  Monte-Carlo  simulation 
model.  These  results  are  broken  down  by  mean  comparison  and  standard 


deviation  comparison. 
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Comparison  of  means.  The  mean  sojourn-times  from  the  two  heuris- 
tics were  first  compared  with  those  from  the  exact  technique.  For  purposes 
of  comparison  the  percentage  difference  between  the  approximated  mean 
sojourn  time  from  both  heuristics  and  the  exact  solution  was  computed. 
The  actual  value  of  the  sojourn  means  and  standard  deviations  are  of  no 
importance  since  they  are  relative  to  the  normalized  service  time  distribu- 
tions. 

The  percentage  differences  for  each  2 queue  example  scenario  in  the 
Model  1 dataset  are  displayed  in  Appendix  C.l.  Comparisons  with  larger 
problems  was  not  attainable  because  of  the  computational  requirements 
of  the  exact  technique.  Table  3.10  summarizes  the  results  of  Appendix 
C.l.  Notice  that  the  DPL  heuristic  provided  better  results  than  the  DSH 
heuristic  for  these  small  example  scenarios.  Notice  also  that  on  the  average 
both  techniques  tended  to  underestimate  the  true  mean. 

The  computational  requirements  of  the  exact  technique  prohibited  the 
solving  of  larger  problems.  Therefore,  the  Monte-Carlo  simulation  model 
was  employed  for  comparison  purposes  for  all  datasets.  Appendices  C.2  - 
C.3  show  the  percentage  differences  between  the  means  from  two  heuristics 
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Table  3.10:  Summary  of  Percentage  Differences  of  the  Estimated  Sojourn 
Means  from  the  DSH  and  PPL  Techniques  vs.  the  Exact  Analytic  Solution 


For  Model  Number  1 
For  Examples  1-175 

DSH 

DPL 

Average  Absolute  % Difference 

4.806 

2.475 

Average  % Difference 

4.806 

1.458 

Standard  Deviation  of  the  % Difference 

6.211 

3.599 

and  the  simulation  model  for  selected  models  and  queue  sizes.  The  results 
from  all  scenarios  are  summarized  by  average  absolute  difference,  average 
difference,  and  standard  deviation  of  the  average  difference  in  Tables  3.11- 
3.13,  respectively. 

It  should  be  noted  from  Table  3.12  that  the  tendency  for  DSH  technique 
to  underestimate  the  true  mean  continued  for  the  entire  dataset,  while 
the  DPL  both  under-estimated  and  over-estimated.  The  tendency  for  the 
DSH  technique  to  underestimate  the  mean  is  attributable  to  the  skewed 
shop  sojourn  times  illustrated  in  Table  3.5.  The  DSH  technique  uses  the 
estimate  of  the  number  of  jobs  at  a given  shop  to  estimate  the  associated 
shop  sojourn  time.  Thus,  if  it  estimated  that,  for  example,  only  one  or  two 
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Table  3.11:  Average  Absolute  Percent  Difference  for  the  Mean 


Model 

Heuristic 

Number  of  Queues 

Number 

2 

3 

5 

10 

1 

DSH 

4.91 

7.96 

4.65 

6.08 

DPL 

2.64 

5.80 

4.63 

4.26 

11 

DSH 

3.00 

4.93 

1.83 

2.34 

DPL 

1.76 

3.30 

1.14 

1.67 

21 

DSH 

2.20 

3.71 

1.01 

1.41 

DPL 

1.94 

3.18 

1.00 

1.28 

31 

DSH 

1.47 

2.60 

0.45 

0.74 

DPL 

1.56 

2.37 

0.37 

1.24 

41 

DSH 

0.91 

1.66 

0.16 

0.29 

DPL 

1.64 

2.47 

0.17 

1.31 

Table  3.12:  Average  Percent  Difference  for  the  Mean 


Model 

Heuristic 

Number  of  Queues 

Number 

2 

3 

5 

10 

1 

DSH 

4.80 

7.95 

4.45 

5.22 

DPL 

1.46 

2.52 

-0.48 

-0.30 

11 

DSH 

2.90 

4.88 

1.82 

2.34 

DPL 

0.34 

1.13 

0.98 

-0.16 

21 

DSH 

2.09 

3.65 

0.99 

1.40 

DPL 

1.83 

2.94 

0.99 

1.21 

31 

DSH 

1.36 

2.54 

0.41 

0.73 

DPL 

-0.87 

-0.96 

0.29 

-0.86 

41 

DSH 

0.81 

1.61 

0.13 

0.28 

DPL 

-1.36 

-1.95 

0.04 

-1.22 
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jobs  (including  the  particular  job)  will  be  at  a shop  when  the  particular  job 
arrives,  the  DSH  approximation  will  underestimate  the  true  shop  sojourn 
mean  since  the  lower  bound  on  the  number  of  jobs  at  the  shop  is  one  (the 
particular  job  itself).  The  true  value  in  such  a case  will  always  be  greater 
than  the  estimated  value  because  there  is  a finite  probability  that  the  actual 
number  of  jobs  at  the  shop  could  be  as  large  as  the  total  number  of  jobs 
initially  at  that  shop  and  all  previous  shops.  (See  the  definition  of  NJOB(j) 
in  Section  3.3.2.)The  DPL  technique  attempts  to  account  for  this  bias  as 
described  earlier  in  Section  3.3.3.  This  is  evidenced  in  Tables  3.11  and  3.12. 

Notice  from  Table  3.11  that  the  DPL  technique  outperforms  the  DSH 
heuristic  in  the  high  variance  models  (1,  11,  and  21),  while  the  simpler  DSH 
techique  is  slightly  better  in  the  low  variance  models  (31  and  41).  Also, 
notice  that  the  estimated  means  from  DSH  and  DPL  both  tend  to  get 
better  as  the  variance  gets  smaller.  However,  the  DSH  technique  shows  a 
more  dramatic  reduction.  For  example,  for  the  2 queue  examples,  the  DSH 
mean  ranged  from  a worse  case  average  absolute  difference  of  4.91%  for 
the  Model  1 examples  to  a difference  of  0.91%  for  the  Model  41  examples. 
For  the  DPL  heuristic,  this  difference  ranged  from  a worse  case  of  2.64% 
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for  the  Model  1 examples  down  to  a difference  of  1.56%  for  the  Model  31 
examples. 

This  same  kind  of  pattern  exists  for  the  3,  5,  and  10  queue  scenarios. 
It  should  be  noted  that  comparisons  of  values  in  this  table  across  queue 
sizes  must  be  done  carefully  since  the  examples  do  not  reflect  a consistency 
in  the  queue  service  rate  ratios.  However,  individual  examples  where  the 
queue  sizes  and  service  rates  exhibit  similar  patterns  across  2,  3,  4,  and  10 
queue  problems  can  be  compared.  For  instance,  example  numbers  19,  196, 
373,  and  499  all  have  service  rates  equal  to  1.0  at  each  shop  with  large, 
equal  queue  lengths  (8  for  examples  19  and  196  and  10  for  examples  373 
and  499).  Table  3.14  summarizes  the  results  for  these  examples  across  all 
models  for  the  DSH  technique.  The  results  are  nearly  identical  for  the  DPL 
heuristic. 

Notice  the  general  tendency  for  better  estimates  as  the  shop  service 
variance  tightens.  Notice,  also,  that  the  estimate  of  the  overall  sojourn 
mean  gets  worse  as  the  number  of  queues  increases.  However,  for  the 
tightened  service  variance  cases  (Models  31  and  41)  this  is  almost  neglible. 
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Table  3.13:  Standard  Deviation  of  the  Average  Percent  Difference  for  the 
Mean 


Model 

Heuristic 

Number  of  Queues 

Number 

2 

3 

5 

10 

1 

DSH 

6.15 

7.88 

3.02 

4.51 

DPL 

3.56 

4.29 

3.75 

4.73 

11 

DSH 

4.47 

6.17 

1.69 

1.78 

DPL 

2.39 

3.53 

1.32 

1.16 

21 

DSH 

3.62 

5.20 

1.15 

1.27 

DPL 

3.09 

4.13 

1.13 

1.27 

31 

DSH 

2.76 

4.06 

0.66 

0.81 

DPL 

2.54 

3.82 

0.50 

1.03 

41 

DSH 

1.95 

2.91 

0.32 

0.42 

DPL 

3.02 

4.72 

0.28 

1.19 

Table  3.14:  Absolute  Percent  Difference  in  the  Mean  for  DSH  for  Some 
Particular  Examples 


Percent  Difference 

Example  Number 

Model  Number 

19 

196 

373 

499 

1 

1.17 

2.40 

5.24 

5.50 

11 

0.59 

0.83 

2.16 

2.49 

21 

0.31 

0.46 

1.12 

1.43 

31 

0.29 

0.01 

0.54 

0.63 

41 

0.14 

0.13 

0.06 

0.12 
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The  standard  deviation  of  the  average  difference  in  the  means  for  all 
models  and  queue  sizes  is  displayed  in  Table  3.13.  These  values  demon- 
strate that  both  techniques  produce  relatively  stable  estimates  for  the  mean 
sojourn  time  across  a wide  range  of  scenarios.  Note  that  the  DSH  estimates 
ranged  from  a worse  case  of  7.88%  down  to  0.32%  while  the  corresponding 
range  for  the  DPL  estimates  is  4.73%  to  0.28%. 

Comparison  of  standard  deviations.  As  in  the  previous  section  the 
standard  deviation  estimates  from  the  heuristics  were  first  compared  with 
that  from  the  exact  distribution  for  each  2 queue  Model  1 scenarios. 

Appendix  C.4  compares  of  the  standard  deviations  from  the  DSH  and 
DPL  heuristics  versus  the  exact  standard  deviation  for  the  examples  solved. 
These  results  are  summarized  in  Table  3.15. 

The  standard  deviation  from  the  heuristic  was  also  compared  with  that 
from  the  Monte-Carlo  simulation  for  the  entire  dataset.  The  comparisons 
for  selected  models  and  queue  sizes  are  displayed  in  Appendices  C.5  - C.6. 
The  results  for  all  scenarios  are  summarized  by  average  absolute  differ- 
ence, average  difference,  and  standard  deviation  of  the  average  difference 


in  Tables  3.16  - 3.18. 
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Table  3.15:  Summary  of  Percentage  Differences  of  the  Estimated  Sojourn 
Standard  Deviations  from  the  DSH  and  DPL  Techniques  vs.  the  Exact 
Analytic  Solution 


For  Model  Number  1 
For  Examples  1-175 

DSH 

DPL 

Average  Absolute  % Difference 

5.874 

6.611 

Average  % Difference 

-2.528 

-3.481 

Standard  Deviation  of  the  % Difference 

6.980 

7.068 

Table  3.16:  Average  Absolute  Percent  Difference  for  the  Standard  Devia- 
tion 


Model 

Heuristic 

Number  of  Queues 

Number 

2 

3 

5 

10 

1 

DSH 

6.03 

6.78 

13.64 

17.49 

DPL 

6.80 

8.21 

13.50 

17.02 

11 

DSH 

6.56 

6.75 

10.88 

12.53 

DPL 

7.47 

8.44 

10.72 

11.99 

21 

DSH 

6.93 

6.57 

9.74 

9.83 

DPL 

7.54 

6.66 

9.46 

8.82 

31 

DSH 

7.02 

6.56 

7.99 

7.50 

DPL 

7.96 

8.13 

7.82 

6.96 

41 

DSH 

7.86 

7.63 

6.44 

5.78 

DPL 

8.82 

9.24 

6.28 

5.54 
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Table  3.17:  Average  Percent  Difference  for  the  Standard  Deviation 


Model 

Number 

Heuristic 

2 

umber 

3 

of  Queu 
5 

es 

10 

1 

DSH 

DPL 

-2.55 

-3.51 

-5.53 

-7.37 

-13.49 

-13.35 

-17.43 

-16.96 

11 

DSH 

DPL 

-3.13 

-3.93 

-5.42 

-7.14 

-10.36 

-10.21 

-12.43 

-11.86 

21 

DSH 

DPL 

-3.22 

-2.43 

-5.18 

-5.07 

-8.43 

-8.15 

-9.59 

-8.40 

31 

DSH 

DPL 

-3.07 

-3.76 

-4.71 

-6.32 

-5.76 

-5.59 

-6.21 

-5.58 

41 

DSH 

DPL 

-3.91 

-4.60 

-5.17 

-6.85 

-2.59 

-2.43 

-3.04 

-2.42 

Table  3.18:  Standard  Deviation  of  the  Average  Percent  Difference  for  the 
Standard  Deviation 


Model 

Heuristic 

Number  of  Queues 

Number 

2 

3 

5 

10 

1 

DSH 

6.87 

5.55 

8.34 

8.80 

DPL 

6.97 

5.63 

8.20 

8.39 

11 

DSH 

8.67 

5.96 

9.17 

10.57 

DPL 

8.81 

6.45 

8.97 

9.74 

21 

DSH 

9.79 

6.06 

8.65 

10.68 

DPL 

9.85 

5.91 

8.26 

9.66 

31 

DSH 

10.52 

5.75 

6.98 

9.73 

DPL 

10.67 

6.96 

6.74 

8.78 

41 

DSH 

12.41 

7.01 

4.78 

8.51 

DPL 

12.86 

9.33 

4.57 

7.46 
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From  the  percent  deviation  of  the  standard  deviation  estimates  shown 
in  Table  3.17  it  can  be  seen  that  both  of  the  techniques  tend  to  overestimate 
the  total  sojourn  variance.  This  is  understantable  given  the  negative  cor- 
relation that  exists  between  individual  shop  sojourn  times.  As  mentioned 
previously,  neither  heuristic  attempted  to  account  for  this  correlation  due 
to  the  complex  nature  of  this  phenomenon. 

On  the  average,  the  DSH  technique  provides  better  estimates  than  the 
DPL  heuristic  for  the  smaller  networks  while  the  opposite  is  true  for  the 
larger  networks.  However,  there  is  not  a significant  difference  between  the 
two. 

Refering  back  to  Table  3.16  other  tendencies  besides  simply  overesti- 
mation of  the  true  standard  deviation  of  the  sojourn  time  can  be  seen. 
For  example,  in  the  higher  service  variance  causes  (Models  1,  11,  and  21). 
Estimates  for  the  2 queue  examples  get  slightly  worse  as  the  shop  service 
variances  tighten.  However,  as  the  number  of  queues  in  series  increase,  this 
tendency  is  reversed  with  the  most  dramatic  reduction  occurring  in  the  10 
queue  examples  (down  from  17.49%  to  5.78%  for  the  DSH  technique  and 
17.02%  to  5.67%  for  the  DPL). 
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As  pointed  out  previously,  there  is  inconsistency  in  the  relative  service 
rates  in  the  examples  scenarios  going  across  the  table  (increasing  number 
of  queues).  This  makes  comparisons  across  the  table  meaningless.  It  can 
be  noted  from  Table  3.16  that  in  the  high  variance  models  (1  and  11)  the 
estimates  get  worse  as  the  number  of  queues  in  series  increase.  However, 
in  the  low  variance  models  (21,  31,  and  41)  the  difference  as  the  number  of 
queues  increases  is  neglible  and  in  fact  in  the  Model  41  examples  the  esti- 
mates get  slightly  better  (down  from  7.86%  to  5.78%  for  the  DSH  technique 
and  8.90%  to  5.67%  for  the  DPL). 

This  is  further  evidenced  by  the  comparing  the  absolute  difference  in 
the  standard  deviation  for  the  particular  examples  sited  in  the  previous 
subsection  for  which  the  service  rates  and  queue  sizes  are  consistent  across 
the  network  sizes.  These  values  are  displayed  in  Table  3.19. 

The  standard  deviation  of  the  difference  in  the  estimated  sojourn  stan- 
dard deviation  for  each  model  and  network  size  are  displayed  in  Table  3.18. 
This  table  suggests  that  both  techniques  are  fairly  stable  in  predicting  the 
sojourn  variance  across  the  wide  range  of  example  scenarios.  This  is 
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Table  3.19:  Absolute  Percent  Difference  in  the  Standard  Deviation  for  DSH 
for  Some  Particular  Examples 


Percent  Difference 

Example  Number 

Model  Number 

19 

196 

373 

499 

1 

5.91 

6.14 

12.93 

20.19 

11 

0.82 

5.08 

12.50 

15.24 

21 

0.10 

1.52 

8.78 

13.40 

31 

1.36 

1.42 

4.82 

11.13 

41 

0.23 

1.06 

1.38 

3.68 

evidenced  by  a worse  case  value  of  12.41%  for  the  DSH  technique  and 
12.96%  for  the  DPL.  In  general,  these  values  lie  between  4%  and  10%. 


3.6  Conclusions 

This  chapter  has  been  concerned  with  the  solution  of  sojourn-time  dis- 
tributions for  particular  Jobs  in  serial  networks  of  queues. 

The  emphasis  was  the  attainment  of  such  distributions  in  a computa- 
tionally efficient  manner  for  use  in  real-time  or  near  real-time  applications. 
An  exact  technique  was  developed  but  shown  to  be  computationally  pro- 
hibitive. The  failings  of  the  exact  technique  led  to  the  development  of 
heuristic  methodologies  which  could  provide  a computationally  more  at- 
tractive alternative  than  straightforward  Monte-Carlo  simulation. 


98 


Two  simple  procedures  were  developed  which  were  founded  in  the  Cen- 
tral Limit  Theorem.  Both  of  these  techniques  were  shown  to  give  good 
approximations  for  the  mean  and  variance  of  the  desired  distribution  for  a 
range  of  scenarios.  In  particular,  they  were  very  good  for  the  cases  which 
closely  resembled  the  heavy  traffic  operation  of  NARF-like  facilities.  Both 
techniques  are  computationally  efficient,  requiring  approximately  0.05  CPU 
seconds  on  a VAX  11/750  running  VAX-11  FORTRAN-77  Version  4. 

The  enhanced  heuristic,  DPL,  was  shown  to  give  better  estimates  of  the 
mean  in  the  high  variance  scenarios  while  the  simpler  DSH  technique  was 
slightly  better  in  the  low  variance  scenarios.  The  techniques  performed  the 
same  in  estimating  the  sojourn  variance.  Both  techniques  tended  to  slightly 
overestimate  the  true  sojourn  variance  due  to  the  inherent  correlation  that 
exists  between  successive  shops  in  the  serial  network.  This  correlation  is 
negative  which  means  that  an  especially  long  sojourn-time  with  respect 
to  the  average  at  one  shop  leads  to  shorter  times  at  the  succeeding  shop, 
while  a short  sojourn  time  leads  to  a longer  stay  at  the  succeeding  shop. 
This  negative  correlation  causes  the  variance  of  the  overall  sojourn  time  to 
obviously  be  less  than  the  sum  of  the  individual  shop  sojourn  variances. 


CHAPTER  4 


DISASSEMBLY-REASSEMBLY  NETWORKS 
4.1  Introductioi^ 

As  mentioned  in  the  introduction  of  this  dissertation,  the  purpose  of 
this  research  was  to  investigate  two  aspects  of  queueing  network  problems. 
Chapter  3 addressed  one  of  these  aspects,  that  is,  the  determination  of 
sojourn  distributions  for  particular  jobs  in  serial  queueing  networks.  In  that 
chapter  it  was  shown  that  in  practice  this  is  an  extremely  difficult  problem 
to  solve  analytically  even  for  very  simple  serial  networks.  As  a result,  in  an 
effort  to  provide  an  alternative  to  Monte-Carlo  simulation,  simple  heuristic 
schemes  were  devised  and  shown  to  be  accurate  and  robust  for  a wide  range 
of  scenarios. 

The  second  aspect  of  queueing  network  problems  that  this  dissertation 
addresses  is  that  of  jobs  that  require  disassembly  yielding  potentially  many 
subjobs.  These  subjobs  exhibit  the  same  features  of  a traditional  job  in 
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that  they  require  servicing  at  various  shops.  However,  the  subjobs  must  be 
reassembled  into  the  parent  job  upon  completion  of  their  subroutes. 

This  chapter  addresses  these  types  of  jobs  and  enhances  the  heuris- 
tics presented  in  Chapter  3 for  problems  exhibiting  these  disassembly- 
reassembly  jobs.  The  model  is  explicitly  described  in  Section  4.2.  Next, 
in  Section  4.3,  the  heuristics  are  developed,  with  the  experimentation  plan 
presented  in  Section  4.4.  Results  and  analysis  are  provided  in  Section  4.5 
and,  finally,  conclusions  are  offered  in  Section  4.6. 

4.2  Model  Description 

Within  this  chapter  the  following  model  is  considered: 

The  network  consists  of  N shops.  These  shops  are  arranged  in  the  form 
shown  in  Figure  4.1.  It  should  be  noticed  that  the  network  consists  of 
two  parallel  serial  networks  sharing  common  beginning  and  ending  shops. 
Each  shop  in  the  network  consists  of  a FIFO  queue  and  a single  server. 
The  service  distribution  at  shop  j is  generalized  Erlang  with  rate  ^ij  for  all 
j = 1,...,  A^.  Jobs  of  a single  type  arrive  at  shop  1 where  they  are 
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disassembled  into  two  subjobs.  One  of  the  subjobs  proceeds  to  the  upper 
serial  path  and  the  other  to  the  lower. 


Figure  4.1:  Disassembly-Reassembly  Network  of  Single-Server  Queues 

The  subjobs  receive  service  at  each  shop  along  their  respective  subroutes 
until  they  join  the  queue  at  shop  N.  Elements  in  this  queue  include  indi- 
vidual subjobs  whose  mate  has  not  yet  arrived  and  pairs  of  mated  subjobs. 
Upon  completion  of  a service  operation  the  server  at  shop  N either  begins 
service  to  reassemble  the  top  matched  pair  of  subjobs  or  becomes  idle  until 


a matched  pair  exists. 
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Given  the  model  as  described,  the  measure  of  performance  of  the  system 
that  is  of  interest  is  the  sojourn  time  distribution  for  particular  jobs  under 
“given-scenario”  conditions  (as  in  Chapter  3). 

It  is  worth  noting  some  of  the  inherent  features  of  this  model.  First,  no 
job  can  be  overtaken  by  a later  arriving  job.  This  is  because  the  sequence 
of  subjobs  arriving  to  shop  N from  each  serial  path  must  be  the  same 
sequence  as  jobs  arriving  to  the  model  since  each  path  is  simply  a serial 
network  of  single-server  FIFO  queues.  This  means  that  matched  subjob 
pairs  are  generated  in  this  same  sequence  as  their  parents  arrival  to  shop  1 
and  therefore  reassembled  jobs  leave  in  the  same  sequence. 

Secondly,  the  sojourn  time  of  any  job  consists  of  queueing  and  service 
time  at  shop  1,  queueing  and  service  time  at  shop  N,  and  the  maximum  of 
the  times  for  each  subjob  to  traverse  its  respective  serial  path  after  leaving 
shop  1 and  before  arriving  at  shop  N. 

The  last  element  presents  an  interesting  problem,  specifically  the  deter- 
mination of  the  maximum  of  two  potentially  complex  distributions.  N.P. 
Rao  [55]  approached  this  problem  in  the  context  of  two-stage  production 
systems.  Rao  was  interested  in  determining  the  cycle  time  distribution  for 
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tandem  production  stages  with  no  interstage  inventory.  (See  Figure  4.2  be- 
low.) In  particular,  he  was  interested  in  service  distributions  with  tighter 
variances  than  that  of  the  exponential  which  are  more  accurately  approx- 
imated as  a normal  distribution  with  low  o or  as  an  Erlang  with  a large 
number  of  stages. 


Arrivals 


(No  Buffering) /'"x 
Stage  1 Stage  2 


Departures 


Figure  4.2:  Tandem  Network  of  Single-Server  Production  Stages 

For  the  tandem  system  under  consideration,  Rao  assumed  that  the  first 
stage  is  never  starved,  the  second  is  never  blocked,  and  that  the  stage  service 
times  are  statistically  independent.  Under  this  scenario,  the  cycle  time  is 
simply  the  maximum  of  the  service  times  at  stage  1 and  2.  Explicitly,  if  T{ 
is  a random  variable  which  represents  to  service  time  at  stage  i (i=l,2)  and 
T = MAX[Ti,r2]  is  a random  variable  representing  the  cycle  time,  then 
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the  cycle  time  density  function,  is 

9T(r)  =gi(r)  [ 92{t2)dt2  + g2{r)  [ 9i{ti)dti  (4.1) 

Jo  Jo 

where 

gi{r)  = service  density  function  at  stage  i. 

Rao  uses  Equation  4.1  to  derive  the  mean  cycle  times  for  some  partic- 
ular cases  where  the  service  distributions  are  Erlang  and/or  (truncated) 
Normal.  The  derivation  of  the  cycle  time  distribution  from  Equation  4.1 
is,  in  general,  a difficult  task  if  the  stage  density  functions  are  complex 
(such  as  a generalized  hyper-Erlang  derived  in  Chapter  3)  and  it  is,  in  fact, 
intractible  for  certain  distributions. 

Equation  4.1  can  be  used  to  derive  the  solution  to  the  sojourn  distri- 
bution determination  problem  for  the  disassembly-reassembly  network  case 
for  certain  forms  of  the  individual  shop  service  distributions  which  result 
in  a Markovian  state  space.  However,  given  the  results  of  Chapter  3 it  is 
not  a computationally  attractive  alternative. 

For  the  problem  at  hand,  determination  of  the  time  for  the  two  subjobs 
to  complete  their  respective  subroutes  and  rejoin  in  the  queue  at  shop 
N certainly  involves  complicated  distributions  as  evidenced  by  the  exact 
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results  in  the  previous  chapter.  From  those  results  it  is  known  that  the 
sojourn  distribution  along  a serial  network  of  Erlang  servers  is  generalized 
hyper-Erlang.  Solution  of  Equation  4.1  for  two  such  distributions  while 
theoretically  possible  is  not  computationally  feasible  for  all  but  very  small 
problems. 

Nonetheless,  Equation  4.1  can  still  be  solved  for  some  small  problems 
to  gain  insight  into  the  form  of  the  distribution  that  results  from  taking  the 
maximum  of  two  subroutes.  Consider  the  case  where  each  subroute  sojourn 
time,  r,,  has  a special  Erlang  distribution.  In  particular,  the  subroute 
sojourn  density  function  has  the  following  form; 


n.- 


9 I ^ I 


where  A,  is  the  stage  service  rate  of  subroute  i,  and 
Hi  is  the  number  of  stages  of  service  of  subroute  i. 

Let  T represent  the  maximum  of  the  subroute  sojourns,  ie.,  T = MAX[ri,  T2]. 
The  resulting  density  function  of  T can  be  derived  directly  using  Equa- 
tion 4.1.  The  characteristics  of  the  distribution  of  T are  worth  noting. 

In  particular,  it  is  interesting  to  observe  the  behavior  of  the  mean  and 
variance  of  T under  various  forms  of  the  special  Erlang  subroute  sojourn 
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times.  The  case  is  considered  where  the  individual  subroute  sojourn  times 
have  the  same  mean  but  have  possibly  different  stage  service  rates,  A,,  and 
number  of  stages,  n,.  The  mean  and  variance  of  the  distribution  of  T for 
some  representative  Aj  and  n,  values  are  displayed  in  Tables  4.1  and  4.2, 
respectively.  The  mean  of  the  T<’s  for  these  tables  is  10.0.  The  variance  of 
the  individual  Ti’s  are  displayed  in  Table  4.3. 

In  Table  4.1  it  can  be  seen  that  as  the  number  of  stages  of  service 
increases  (and  thus  the  variance  decreases)  in  either  subroute  the  E[T] 
decreases.  Notice  that  since  the  subroute  means  are  both  10.0  that  the 
E[T]  is  in  the  worst  case  (both  n,  = l)  50%  larger  than  the  subroute 
means.  However,  it  should  be  noted  that  for  problems  where  the  system 
is  reasonably  loaded  that  the  n,  values  will  not  be  small.  Therefore,  the 
lower  right  portion  of  the  table  is  of  more  interest.  This  portion  indicates 
that  the  E[T|  will  be  within  about  15%  of  the  subroute  mean. 

Considering  Table  4.2  and  4.3  it  should  be  noted  that  with  exception 
of  the  exponential  case  (n.,=l)  the  Var[T]  is  less  than  the  larger  of  the 
individual  subroute  Var)!",].  Concentrating  on  the  lower  right  hand  portion 
of  Table  4.2  (for  the  heavier  traffic  scenarios)  it  can  be  seen  that  the  Var[T] 
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Table  4.1:  Mean  of  the  MAX[ri,r2| 


ri2 

Ml 

1 

3 

5 

10 

15 

20 

30 

40 

50 

75 

1 

15.0 

14.2 

14.0 

13.9 

13.8 

13.8 

13.7 

13.7 

13.7 

13.7 

3 

14.2 

13.1 

12.8 

12.5 

12.5 

12.4 

12.3 

12.3 

12.3 

12.3 

5 

14.0 

12.8 

12.5 

12.1 

12.0 

12.0 

11.9 

11.9 

11.8 

11.8 

10 

13.9 

12.5 

12.1 

11.8 

11.6 

11.5 

11.4 

11.4 

11.4 

11.3 

15 

13.8 

12.5 

12.0 

11.6 

11.4 

11.4 

11.3 

11.2 

11.2 

11.1 

20 

13.8 

12.4 

12.0 

11.5 

11.4 

11.3 

11.1 

11.1 

11.1 

11.0 

30 

13.7 

12.3 

11.9 

11.4 

11.3 

11.1 

11.0 

11.0 

10.9 

10.9 

40 

13.7 

12.3 

11.9 

11.4 

11.2 

11.1 

11.0 

10.9 

10.8 

10.8 

50 

13.7 

12.3 

11.8 

11.4 

11.2 

11.1 

10.9 

10.8 

10.8 

10.7 

75 

13.7 

12.3 

11.8 

11.3 

11.1 

11.0 

10.9 

10.8 

10.7 

10.7 

See  Table  4.3  for  corresponding  A,  values. 
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Table  4.2:  Variance  of  the  MAX[Ti,r2] 


ri2 

Hi 

1 

3 

5 

10 

15 

20 

30 

40 

50 

75 

1 

125.0 

78.8 

70.8 

65.2 

63.5 

62.6 

61.7 

61.3 

61.0 

60.7 

3 

78.8 

34.0 

26.4 

21.2 

19.6 

18.8 

18.0 

17.6 

17.4 

17.1 

5 

70.8 

26.4 

18.9 

13.7 

12.2 

11.4 

10.6 

10.3 

10.1 

9.8 

10 

65.2 

21.2 

13.7 

8.7 

7.1 

6.3 

5.6 

5.3 

5.1 

4.8 

15 

63.5 

19.6 

12.2 

7.1 

5.5 

4.8 

4.1 

3.7 

3.5 

3.3 

20 

62.6 

18.8 

11.4 

6.3 

4.8 

4.1 

3.3 

3.0 

2.8 

2.5 

30 

61.7 

18.0 

10.6 

5.6 

4.1 

3.3 

2.6 

2.3 

2.1 

1.8 

40 

61.3 

17.6 

10.3 

5.3 

3.7 

3.0 

2.3 

1.9 

1.7 

1.5 

50 

61.0 

17.4 

10.1 

5.1 

3.5 

2.8 

2.1 

1.7 

1.5 

1.3 

75 

60.7 

17.1 

9.8 

4.8 

3.3 

2.5 

1.8 

1.5 

1.3 

1.0 

See  Table  4.3  for  corresponding  Aj  values. 


Table  4.3:  Mean  and  Variance  of  Some  Representative  T,- 


Stage  Rate 

Number  of  Stages 

Mean 

Variance 

1 

o 

1 

10.0 

100.0 

0.3 

3 

10.0 

33.3 

0.5 

5 

10.0 

20.0 

1.0 

10 

10.0 

10.0 

1.5 

15 

10.0 

6.7 

2.0 

20 

10.0 

5.0 

3.0 

30 

10.0 

3.3 

4.0 

40 

10.0 

2.5 

5.0 

50 

10.0 

2.0 

7.5 

75 

10.0 

1.3 

no 


is  more  than  15%  less  than  the  larger  of  the  subroute  variances.  This  value 
is  more  than  30%  for  the  highest  values  of  rii  (ie.,  lowest  variance)  when 
rii  = U2.  Note  also  that  for  the  cases  where  one  of  the  subroute  variances 
is  particularly  smaller  than  other,  the  corresponding  Var[T]  may  be  more 
than  50%  smaller  than  the  larger  of  the  subroute  variances. 

Heuristic  methodologies  for  approximating  the  sojourn  mean  and  vari- 
ance of  T have  been  developed  which  incorporate  many  of  the  observations 
Just  described.  These  are  presented  in  the  next  section. 

4.3  Heuristic  Solution  Procedures 

As  in  Chapter  3,  heuristic  methodologies  have  been  developed  as  ap- 
proximation procedures  for  the  sojourn  mean  and  variance  for  particular 
customers  traversing  the  disassembly-reassembly  networks  just  described. 
The  key  consideration  in  the  development  of  the  heuristics  was  the  goal 
of  relatively  accurate,  yet,  simple  schemes  that  are  computationally  feasi- 
ble in  near  real-time  applications.  In  this  section  four  such  techniques  are 


presented. 


Ill 


4.3.1  Deterministic  Simulation  Heuristic  (DSH) 

The  first  heuristic  considered  was  the  DSH  technique  described  in  Chap- 
ter 3.  This  scheme  assumes  all  service  times  are  deterministic  and  equal  to 
the  mean  of  the  actual  service  distribution.  Under  this  technique  the  so- 
journ time  associated  with  the  subjob  serial  routes  is  simply  the  maximum 
of  the  two  deterministically  computed  subroute  sojourn  times.  The  sojourn 
variance  is  computed  by  summing  variances  according  to  the  number  of 
services  the  particular  job  sees  at  each  shop  (which  is  equal  to  the  number 
of  jobs  at  each  shop  upon  arrival  of  the  particular  subjob,  including  the  par- 
ticular subjob)  in  the  longest  deterministic  path  through  the  disassembly- 
reassembly  network.  See  Section  3.3.2  for  details  of  the  algorithm  for  the 
DSH  technique  and  Appendix  B.l  for  a listing  of  the  FORTRAN  program. 

4.3.2  Enhanced  Deterministic  Simulation  Heuristic  (PPL) 

The  DPL  heuristic  from  Chapter  3 was  also  employed  for  the  disassembly- 
reassembly  networks.  As  with  the  DSH  technique  just  described  it  deter- 
mines the  longest  of  the  two  subroute  serial  paths  using  deterministic  ser- 
vice times.  The  DPL  technique  described  in  Section  3.3.3  is  then  performed 
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on  the  resulting  serial  network  yielding  mean  and  standard  deviation  esti- 
mates for  the  sojourn  times.  The  FORTRAN  program  listing  of  the  DPL 
heuristic  is  provided  in  Appendix  B.2. 

4.3.3  Deterministic  Simulation  Heuristic  with  Subroute  Maximization  (DSHSM) 

Based  upon  the  results  displayed  in  Tables  4.1  - 4.3  and  intuition  it  can 
be  seen  that  the  mean  of  the  maximum  of  two  distributions  is  greater  than 
that  of  either  of  the  individual  distributions  while  the  variance  of  the  max- 
imum is,  in  general,  less  than  the  larger  of  the  individual  variances.  These 
observations,  coupled  with  the  general  tendency  of  the  DSH  heuristic  to 
underestimate  the  mean  and  overestimate  the  variance  of  the  serial  models 
in  Chapter  3,  indicate  the  DSH  technique  for  the  disassembly-reassembly 
network  models  should  give  similar  estimates  with  accuracy  bounded  by  the 
values  in  Chapter  3.  Therefore,  a simple  enhancenent  to  the  DSH  technique 
was  implemented  based  upon  characterization  of  the  mean  and  variance  of 
the  maximum  of  two  Erlang-type  distributions,  as  derived  by  Equation  4.1. 

For  simplification  purposes  the  distributions  of  the  subroute  sojourn 
times  were  approximated  as  special-Erlang  with  the  number  of  stages  n, 
equal  to  the  sum  of  the  total  number  of  stages  of  service  occurring  at  each 
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shop  when  the  particular  subjob  is  at  that  shop.  The  estimated  subroute 
sojourn  time  as  computed  by  the  DSH  technique  is  divided  by  the  number 
of  stages,  n,,  to  give  an  approximate  stage  rate  Aj.  Then,  Equation  4.1  was 
solved  for  the  two  special-Erlang  densities  with  and  U2  stages  and  stage 
rates,  X\  and  A2,  respectively.  This  generalized  form  is  given  below 
Let:  T = Max  [Ti,r2] 

where  Ti  Erlang  (Ai,rii)  and  r2~ Erlang  {\21ri2) 
then 


(ni-1)! 


(1 


-A2T 


E 


^2. 


I<t<n2  (n2-*)l 


Given  Equation  4.2  then  the  mean  of  T is  specified  by 


(4.2) 


E\T]  = !^rgr{r)dr 


I !i2._ 
Ai  A2 


•^1  * A"^  '(ni+n2-«)! 

(ni-l)l  ^:'=1  (Ai+A2  + l-t)"i+"2  + i-'(n2-l)! 


E"i 
»=1 


'(ni+n2-tj! 


(m2-1)!  ^»=1  (Ai+A2  + l-t)"i+'*2+i-'(m-l)! 


(4.3) 


and  the  second  moment  is 
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E[T^\  = rrV(r)dr 

y>i(^i  + l)  I n2(n2  + l) 

' \2 

‘ ' (4-4) 

( ^ I * ^^02  (^»l+^^2  + 2 — »)!  \ 

ym-l)l  ^<=1  (Ai  + A2)"1+"2  + *-(m2-»)!  ) ~ 

( Y'fll  ■^1^  (ni+»2  + l-«')l  \ 

\^{n2-l)!  (Ai  + A2)"i+"2+2-(„i-j)!  j 

And,  finally,  the  variance  of  T is  given  by 

Var[T\  = E[V\-  E\T]\ 

The  sojourn  time  for  a particular  customer  at  the  back  of  the  queue  of 
shop  1 can  be  broken  into  three  portions,  ie., 

T = Pi  + P2  + -Pj 

The  first  and  third  components.  Pi  and  P3,  are  relatively  simple  to 
approximate.  The  first  portion.  Pi,  is  the  time  spent  at  shop  1 which 
can  be  deterministically  approximated  as  the  mean  service  time  at  shop 
1 times  the  number  of  jobs  at  the  shop  upon  arrival  of  the  particular  job 
(including  the  particular  job).  The  third  portion,  P3,  is  the  time  the  mated 
particular  subjobs  spend  at  shop  N waiting  to  be  reassembled  into  the 
parent  (particular)  job.  This  can  be  deterministically  approximated  as 
the  mean  service  time  at  shop  N times  the  number  of  pairs  of  subjobs  at 
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shop  N upon  arrival  of  the  second  of  the  particular  subjobs  (including  the 
particular  pair). 

The  second  component  of  the  sojourn  time,  P2,  is  the  maximum  of 
times  for  each  particular  subjob  to  traverse  its  serial  subroute.  This  is  the 
portion  that  straight  forward  application  of  the  DSH  technique  from  Chap- 
ter 3 potentially  could  have  trouble  approximating  because  of  the  effects 
previously  mentioned.  An  alternative  is  to  use  Equation  4.1  to  account 
for  the  mean  and  variance  associated  with  the  maximum  of  the  subroute 
sojourn  times.  However,  given  the  analytic  results  of  the  previous  chapter, 
the  exact  distributions  associated  with  the  serial  subroutes  are  generalized 
hyper-Erlang.  Thus,  straightforward  solution  of  Equation  4.1  in  this  case  is 
not  computationally  feasible.  However,  as  shown  in  Equations  4. 2-4. 4 this 
determination  is  relatively  simple  when  the  subroute  sojourn  times  have 
special  Erlang  distributions. 

An  enhancement  to  the  DSH  technique,  DSHSM,  takes  advantage  of 
this.  The  DSHSM  technique  approximates  portions  Pi  and  P3  of  the  sojourn 
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time  of  the  particular  job  deterministically  as  just  described.  The  second 
portion,  P2,  is  approximated  in  the  following  fashion. 

The  DSH  technique  is  used  to  determine  the  length  of  each  of  the  two 
subroutes.  The  number  of  service  completions  at  each  shop  during  the 
particular  subjob  stay  is  computed  deterministically  for  each  subroute.  The 
deterministic  sojourn  time  for  each  subroute  is  then  divided  by  the  total 
of  the  number  of  individual  shop  completions  for  all  shops  in  the  subroute. 
This  yields  a weighted  average  service  time.  The  total  sojourn  time  for 
each  subroute  is  then  approximated  as  a special  Erlang  with  the  stage  rate 
equal  to  the  weighted  average  service  time  just  described  and  the  number 
of  stages  equal  to  the  total  number  of  shop  completions. 

Finally,  the  second  portion  of  the  total  sojourn  time,  P2,  is  approximated 
by  determining  the  maximum  of  the  two  resulting  special  Erlang  subroute 
sojourn  approximations  using  Equation  4.2.  Equation  4.3  and  4.4  are  used 
to  compute  the  mean  and  variance  associated  with  the  maximum. 

See  Appendix  B.3  for  the  listing  of  the  FORTRAN  program. 
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4.3.4  Enhanced  Deterministic  Simulation  Heuristic  with  Subroute  Maxi- 
mization (DPLSM) 

This  heuristic  couples  the  approximation  scheme  for  the  maximum  of 
particular  subjob  routes  described  in  Section  4.3.3  with  the  DPL  technique 
from  Chapter  3. 

The  difference  between  this  heuristic  and  the  DSHSM  just  described  is 
that  the  DPLSM  technique  utilizes  the  DPL  heuristic  to  approximate  the 
sojourn  time  associated  with  portions  P\  and  P3,  as  well  as,  the  subroute 
sojourn  estimates  of  time  and  number  of  completions  for  use  in  approxi- 
mating portion  P2  through  the  use  of  Equations  4. 2-4.4. 

See  Appendix  B.4  for  the  listing  of  the  FORTRAN  program. 

4.4  Experimental  Design 

An  experimentation  plan  was  developed  in  order  to  evaluate  the  ef- 
fectiveness of  the  DSH,  DPL,  DSHSM,  and  DPLSM  heuristics  versus  an 
empirical  approximation  based  upon  the  Monte-Carlo  simulation  model. 

As  in  the  Chapter  3 scenarios,  the  plan  consisted  of  a set  of  example 
scenarios  which  were  designed  to  test  the  heuristics  under  conditions  similar 
to  those  found  in  the  NARF-like  facilities  described  in  Chapter  1.  The 
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dominating  factor  of  these  facilities  is  heavy  traffic.  Scenarios  which  did 
not  fall  into  this  category  were  also  included  to  test  the  robustness  of  the 
heuristics. 

For  the  purposes  of  this  dissertation  symmetric  networks  were  consid- 
ered. That  is,  the  serial  subroutes  of  the  two  subjobs  generated  at  shop  1 
have  identical  initial  queue  distribution  and  service  rates. 

The  experimentation  was  designed  around  four  key  parameters:  the 
number  of  shops,  the  initial  queue  lengths,  the  shop  service  rates,  and  the 
service  distributions.  The  number  of  shops  was  set  at  two  levels;  4 and 
8.  The  queue  lengths  were  varied  from  1 to  10.  The  service  rates  were 
normalized  to  a base  value  of  1.0.  For  purposes  of  emulating  NARF-like 
facilities,  rates  between  0.8  and  1.0  were  used. 

A set  of  examples  was  developed  to  test  a full  design  of  the  levels  of 
each  of  these  three  factors.  These  examples  are  displayed  in  Table  4.4  and 
Table  4.5.  Each  example  was  solved  for  each  of  5 different  service  time 
distributions.  These  distributions  included  the  exponential  distribution; 
three  special  Erlang  distributions  where  the  number  of  stages  took  on  the 


Table  4.4:  Example  Numbers  for  4 Queue  Scenarios 


Example  Number 

Service  Rate  at  Shops 

3 1-4 

1.0 

1.0 

1.0 

0.8 

1.0 

0.8 

0.8 

1.0 

1.0 

0.8 

1.0 

0.8 

1.0 

0.8 

Queue  Size  at  Shop 

1.0 

1.0 

0.8 

1.0 

0.8 

1.0 

0.8 

1,2,  3,4 

1.0 

0.8 

1.0 

1.0 

0.8 

0.8 

1.0 

1,1, 1,1 

1 

29 

57 

85 

113 

141 

169 

5,1,1, 1 

2 

30 

58 

86 

114 

142 

170 

1,5,5,1 

3 

31 

59 

87 

115 

143 

171 

1,1,1,5 

4 

32 

60 

88 

116 

144 

172 

5,5,5, 1 

5 

33 

61 

89 

117 

145 

173 

5,1,1, 5 

6 

34 

62 

90 

118 

146 

174 

1,5,5,5 

7 

35 

63 

91 

119 

147 

175 

5 

8 

36 

64 

92 

120 

148 

176 

8,1,1,1 

9 

37 

65 

93 

121 

149 

177 

1,8,8,1 

10 

38 

66 

94 

122 

150 

178 

1,1,1,8 

11 

39 

67 

95 

123 

151 

179 

8,8, 8,1 

12 

40 

68 

96 

124 

152 

180 

8,1,1,8 

13 

41 

69 

97 

125 

153 

181 

1,8, 8,8 

14 

42 

70 

98 

126 

154 

182 

8, 5, 5, 5 

15 

43 

71 

99 

127 

155 

183 

5, 8, 8,5 

16 

44 

72 

100 

128 

156 

184 

5, 5, 5, 8 

17 

45 

73 

101 

129 

157 

185 

8, 8, 8, 5 

18 

46 

74 

102 

130 

158 

186 

8, 5, 5, 8 

19 

47 

75 

103 

131 

159 

187 

5, 8, 8, 8 

20 

48 

76 

104 

132 

160 

188 

8, 8, 8, 8 

21 

49 

77 

105 

133 

161 

189 

7, 7, 7, 7 

22 

50 

78 

106 

134 

162 

190 

7,8,8,8 

23 

51 

79 

107 

135 

163 

191 

8,7,7,8 

24 

52 

80 

108 

136 

164 

192 

8,8,8,7 

25 

53 

81 

109 

137 

165 

193 

7,7,7,8 

26 

54 

82 

no 

138 

166 

194 

7,8,8,7 

27 

55 

83 

111 

139 

167 

195 

8,7,7,7 

28 

56 

84 

112 

140 

168 

196 

120 


values  2,3,  and  5;  and  a truncated  normal  distribution  where  the  variance 
corresponded  to  an  equivalent  10  stage  Erlang.  These  distributions  pro- 
vided a means  to  determine  the  effect  of  the  variance  on  the  heuristics. 
The  exponential  distribution  case  provided  the  highest  variance  case  and 
the  variance  was  decreased  in  the  2 stage  Erlang,  and  so  on  with  the  normal 
distribution  providing  the  lowest  variance  case.  Henceforth,  the  example 
datasets  with  the  exponential  service  times  are  referred  to  as  the  Model  5 
datasets,  those  with  2 stage  Erlang  distribution  are  Model  15,  those  with 
3 stage  are  Model  25,  those  with  5 stage  are  Model  35,  and  finally  those 
with  the  truncated  normal  are  Model  45. 

4.5  Results 

In  this  section  the  results  of  the  heuristic  DSH,  DPL,  DSHSM,  and 
DPLSM  techniques  are  compared  to  those  of  the  Monte-Carlo  simulation 
model.  These  results  are  broken  down  by  mean  comparison  and  standard 
deviation  comparison. 
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Table  4.5:  Example  Numbers  for  8 Queue  Scenarios 


Example  Number 

Service  Rate  at  Shops  1-8 

1.0 

0.8 

1.0 

1.0 

0.8 

0.9 

0.85 

1.0 

0.85 

0.95 

0.9 

0.9 

1.0 

0.9 

1.0 

0.85 

0.95 

0.9 

0.9 

1.0 

0.9 

1.0 

0.9 

0.9 

0.8 

1.0 

0.9 

0.8 

1.0 

0.9 

0.9 

0.8 

1.0 

0.9 

0.8 

1.0 

0.95 

0.85 

0.9 

0.9 

1.0 

0.95 

Queue  Size  at  Shop 

1.0 

0.95 

0.85 

0.9 

0.9 

0.8 

0.95 

1,  2,  3,  4,  5,  6,  7,  8,  9,  10 

1.0 

1.0 

0.8 

1.0 

0.8 

0.9 

1.0 

10,10,10,10,10,10,10,10 

197 

213 

229 

245 

261 

277 

293 

10,8,8,9,9,10,10,7 

198 

214 

230 

246 

262 

278 

294 

7,8,8,9,9,10,10,10 

199 

215 

231 

247 

263 

279 

295 

10,9,9,8,8,9,9,10 

200 

216 

232 

248 

264 

280 

296 

8,9,9,10,10,9,9,8 

201 

217 

233 

249 

265 

281 

297 

7,10,10,5,5,8,8,9 

202 

218 

234 

250 

266 

282 

298 

6,10,10,9,9,7,7,8 

203 

219 

235 

251 

267 

283 

299 

10,9,9,10,10,8,8,10 

204 

220 

236 

252 

268 

284 

300 

8,8,8,8,8,10,10,10 

205 

221 

237 

253 

269 

285 

301 

10,10,10,6,6,9,9,8 

206 

222 

238 

254 

270 

286 

302 

9,10,10,9,9,8,8,7 

207 

223 

239 

255 

271 

287 

303 

10,10,10,9,9,9,9,9 

208 

224 

240 

256 

272 

288 

304 

9,7,7,8,8,9,9,10 

209 

225 

241 

257 

273 

289 

305 

5,5,5,5,5,5,5,5 

210 

226 

242 

258 

274 

290 

306 

5,6,6,7,7,7,7,6 

211 

227 

243 

259 

275 

291 

307 

9,9,9,10,10,10,10,9 

212 

228 

244 

260 

276 

292 

308 

122 


4.5.1  Comparison  of  Means 

In  this  section  the  approximated  means  of  the  total  sojourn  time  for 
the  example  scenarios  from  each  of  the  heuristics  are  compared  with  the 
empirical  mean  from  the  Monte-Carlo  simulation.  For  purposes  of  compari- 
son the  percentage  difference  between  the  approximated  mean  sojourn  time 
from  the  heuristics  and  the  empirical  solution  was  computed.  The  actual 
value  of  the  sojourn  means  and  standard  deviations  are  of  no  importance 
since  they  are  relative  to  the  normalized  service  time  distributions. 

The  percentage  differences  between  the  means  from  the  heuristics  and 
the  simulation  model  are  summarized  by  average  absolute  difference,  aver- 
age difference,  and  standard  deviation  of  the  average  difference  in  Tables  4.6 
- 4.8,  respectively.  Appendices  D.l  - D.2  show  the  percentage  for  some  se- 
lected models  and  queue  sizes  in  the  4 and  8 queue  scenarios. 

Observing  Table  4.6  note  that  the  heuristics  give  good  approximations 
as  the  average  absolute  difference  is  below  8%  for  the  4 queue  scenarios 
for  all  techniques  and  below  5%  for  the  8 queue  scenarios  for  all  but  the 
DPLSM  heuristic  in  the  Model  5 examples.  For  the  4 queue  scenarios  the 
average  absolute  difference  of  the  DSH  technique  mean  sojourn  time 


Tab 


e 4.6:  Average  Absolute  Difference  for  the  Mean 


Model 

Heuristic 

Number  of  Queues 

Number 

4 

8 

DSH 

7.52 

3.58 

5 

DPL 

5.53 

4.39 

DSHSM 

5.91 

3.77 

DPLSM 

7.36 

8.37 

DSH 

4.82 

1.60 

15 

DPL 

3.05 

1.02 

DSHSM 

4.74 

3.36 

DPLSM 

5.84 

4.10 

DSH 

3.76 

0.97 

25 

DPL 

2.57 

0.73 

DSHSM 

4.12 

3.06 

DPLSM 

5.53 

3.30 

DSH 

2.81 

0.51 

35 

DPL 

2.47 

0.42 

DSHSM 

3.47 

2.59 

DPLSM 

5.41 

2.68 

DSH 

1.97 

0.20 

45 

DPL 

2.71 

0.19 

DSHSM 

2.66 

2.00 

DPLSM 

5.18 

2.07 

Table  4.7:  Average  Di 

Terence  for  the  Mean 

Model 

Heuristic 

Number  of  Queues 

Number 

4 

8 

DSH 

7.38 

3.49 

5 

DPL 

1.97 

-1.47 

DSHSM 

-0.05 

-3.01 

DPLSM 

-6.44 

-8.23 

DSH 

4.49 

1.48 

15 

DPL 

0.76 

0.64 

DSHSM 

-1.07 

-3.24 

DPLSM 

-5.46 

-4.09 

DSH 

3.35 

0.89 

25 

DPL 

-0.18 

0.59 

DSHSM 

-1.27 

-3.00 

DPLSM 

-5.32 

-3.29 

DSH 

2.23 

0.47 

35 

DPL 

-1.26 

0.35 

DSHSM 

-1.43 

-2.56 

DPLSM 

-5.33 

-2.68 

DSH 

1.31 

0.17 

45 

DPL 

-2.25 

0.08 

DSHSM 

-1.32 

-1.98 

DPLSM 

-5.17 

-2.07 
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Table  4.8: 


Deviation  of  the  Average  Difference 


Model 

Heuristic 

Number  of  Queues 

Number 

4 

8 

DSH 

8.15 

3.50 

5 

DPL 

4.18 

3.97 

DSHSM 

4.77 

2.09 

DPLSM 

5.34 

5.74 

DSH 

6.25 

1.91 

15 

DPL 

3.35 

1.47 

DSHSM 

3.52 

1.33 

DPLSM 

4.66 

1.40 

DSH 

5.28 

1.34 

25 

DPL 

3.29 

1.04 

DSHSM 

3.07 

0.89 

DPLSM 

4.78 

0.89 

DSH 

4.21 

0.85 

35 

DPL 

3.78 

0.64 

DSHSM 

2.58 

0.51 

DPLSM 

5.23 

0.54 

DSH 

3.12 

0.49 

45 

DPL 

4.72 

0.34 

DSHSM 

2.11 

0.29 

DPLSM 

5.83 

0.41 

for  the  Mean 
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estimate  ranged  from  7.52%  to  1.97%,  that  of  the  DPL  ranged  from  5.53% 
to  2.47%,  that  of  the  DSHSM  ranged  from  5.91%  to  2.66%,  and  for  the 
DPLSM  it  ranged  from  7.36%  to  5.18%.  For  the  8 queue  scenarios  the  av- 
erage absolute  difference  of  the  DSH  technique  mean  sojourn  time  estimate 
ranged  from  3.58%  to  0.20%,  that  of  the  DPL  ranged  from  4.39%  to  0.19%, 
that  of  the  DSHSM  ranged  from  3.77%  to  2.00%,  and  for  the  DPLSM  it 
ranged  from  8.37%  to  2.07%. 

These  results  are  very  much  in  line  with  those  for  the  serial  models 
covered  in  Chapter  3.  Notice  also  the  tendency  for  better  results  as  the 
service  variance  decreases  (from  Model  5 down  to  Model  45).  Comparisons 
between  queue  sizes  should  not  be  done  because  of  the  inconsistencies  in 
the  example  scenarios  (see  Tables  4.6  and  4.5). 

It  is  interesting  to  note  that,  in  general,  the  enhanced  heuristics  which 
used  Equations  4. 2-4. 4 (DSHSM  and  DPLSM)  did  not  provide  better  ap- 
proximations than  their  simpler  counterparts  (DSH  and  DPL).  From  Ta- 
ble 4.7  it  can  be  seen  that  this  is  because  the  increase  in  the  estimate 
provided  by  Equation  4.3  for  the  subroute  portion  of  the  mean  sojourn 
time  overshot  the  actual  value  (the  average  difference  being  consistently 
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negative).  This  overestimate  is  most  probably  due  to  using  special  Er- 
lang approximations  for  the  subroute  sojourn  which  is  actually  generalized 
hyper-Erlang. 

Overall  the  DPL  technique  appears  to  give  the  best  approximations  of 
the  mean  sojourn  time  with  the  DSH  running  a close  second.  However,  all 
techniques  seem  to  give  very  good  approximations. 

The  estimators  are  all  relatively  consistent  as  evidenced  by  Table  4.8. 
The  standard  deviation  of  the  absolute  difference  is  generally  less  than  5%. 
These  values  are  similar  to  those  for  the  serial  models  of  Chapter  3. 

4.5.2  Comparison  of  Standard  Deviations 

The  percentage  differences  between  the  standard  deviation  estimates 
from  the  heuristics  and  those  from  the  simulation  model  for  the  4 and  8 
queue  examples  are  summarized  by  average  absolute  difference,  average 
difference,  and  standard  deviation  of  the  average  difference  in  Tables  4.9  - 
4.11,  respectively.  The  actual  differences  for  some  selected  models  and 
queue  sizes  are  given  in  Appendices  D.3  - D.4. 

The  estimates  for  the  standard  deviation  of  the  total  sojourn  time  are 
good  for  all  heuristics  a.s  evidenced  by  the  average  absolute  differences 
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Table  4.9:  Average  Absolute  Difference  for  the  Standard  Deviation 


Model 

Heuristic 

Number  of  Queues 

Number 

4 

8 

DSH 

8.08 

14.10 

5 

DPL 

9.51 

13.96 

DSHSM 

7.07 

10.68 

DPLSM 

7.77 

11.99 

DSH 

8.22 

12.45 

15 

DPL 

9.87 

12.28 

DSHSM 

6.79 

10.23 

DPLSM 

7.57 

10.27 

DSH 

8.14 

11.24 

25 

DPL 

9.75 

11.07 

DSHSM 

6.72 

9.52 

DPLSM 

7.69 

9.53 

DSH 

8.18 

9.09 

35 

DPL 

9.81 

8.92 

DSHSM 

6.89 

8.27 

DPLSM 

8.17 

8.28 

DSH 

9.60 

6.81 

45 

DPL 

11.20 

6.65 

DSHSM 

8.43 

7.75 

. 

DPLSM 

11.00 

7.77 

Table  4.10:  Average  Difference  for  the  Standard  Deviation 


Model 

Number 

Heuristic 

Numb 

4 

er  of  Queues 
8 

DSH 

-6.41 

-13.24 

5 

DPL 

-8.26 

-13.09 

DSHSM 

-5.30 

-6.16 

DPLSM 

-6.16 

-8.48 

DSH 

-6.59 

-9.63 

15 

DPL 

-8.33 

-9.47 

DSHSM 

-4.14 

-1.55 

DPLSM 

-4.82 

-1.64 

DSH 

-6.33 

-8.05 

25 

DPL 

-8.01 

-7.88 

DSHSM 

-3.08 

0.41 

DPLSM 

-4.01 

0.38 

DSH 

-5.83 

-5.99 

35 

DPL 

-7.47 

-5.82 

DSHSM 

-2.00 

2.84 

DPLSM 

-3.19 

2.81 

DSH 

-5.00 

-3.29 

45 

DPL 

-6.71 

-3.13 

DSHSM 

-0.55 

5.82 

1 

DPLSM 

-3.54 

5.80 
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Table  4.11:  Standard  Deviation  of  the  Average  Difference  for  the  Standard 
Deviation  


Model 

Heuristic 

Number  of  Queues 

Number 

4 

8 

DSH 

5.93 

11.42 

5 

DPL 

6.19 

11.25 

DSHSM 

5.49 

6.85 

DPLSM 

5.80 

9.49 

DSH 

6.75 

10.24 

15 

DPL 

7.31 

9.98 

DSHSM 

5.50 

4.71 

DPLSM 

5.49 

4.78 

DSH 

7.23 

9.29 

25 

DPL 

8.06 

9.00 

DSHSM 

5.39 

3.94 

DPLSM 

5.54 

3.95 

DSH 

7.34 

7.97 

35 

DPL 

8.44 

7.70 

DSHSM 

5.07 

3.88 

DPLSM 

5.69 

3.89 

DSH 

8.57 

6.04 

45 

DPL 

10.52 

5.81 

DSHSM 

6.68 

4.44 

DPLSM 

10.31 

4.44 

131 


shown  in  Table  4.9.  For  the  4 queue  scenarios  the  average  absolute  differ- 
ence of  the  DSH  technique  sojourn  time  standard  deviation  estimate  ranged 
from  9.60%  to  8.08%,  that  of  the  DPL  ranged  from  11.20%  to  9.51%,  that 
of  the  DSHSM  ranged  from  8.43%  to  6.72%,  and  for  the  DPLSM  it  ranged 
from  11.00%  to  7.57%.  For  the  8 queue  scenarios  the  average  absolute 
difference  of  the  DSH  technique  sojourn  time  standard  deviation  estimate 
ranged  from  14.1%  to  6.81%,  that  of  the  DPL  ranged  from  13.96%  to  6.65%, 
that  of  the  DSHSM  ranged  from  10.68%  to  7.75%,  and  for  the  DPLSM  it 
ranged  from  11.99%  to  7.77%. 

As  with  the  approximations  for  the  mean  sojourn  time,  the  standard 
deviation  estimates  are  very  much  in  line  with  the  approximations  for  the 
serial  models  of  Chapter  3.  However,  the  enhanced  heuristics,  DSHSM  and 
DPLSM,  appear  to  be  slightly  better  than  their  counterparts,  DSH  and 
DPL.  This  is  because  the  variance  of  the  individual  shop  sojourn  times 
are  negatively  correlated  (as  discussed  in  Chapter  3).  From  Equation  4.4 
it  can  be  seen  that  the  approximations  used  in  the  DSHSM  and  DPLSM 
technique  will  be  less  than  of  the  standard  DSH  and  DPL  heuristics.  This  is 
evidenced  in  Table  4.10  as  the  average  difference  is  consistently  less  negative 
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for  DSHSM  and  DPLSM  than  DSH  and  DPL.  The  DSHSM  heuristic  is 
generally  the  best  estimator  with  the  DPLSM  a close  second. 

The  consistency  of  the  estimates  can  be  discerned  from  Table  4.11.  All 
the  heuristics  are  relatively  stable  and  on  par  with  corresponding  values  in 
Chapter  3.  Again  the  DSHSM  heuristic  appears  to  be  the  best  with  slightly 
more  consistent  estimates. 


4.6  Conclusions 

This  chapter  has  been  devoted  to  the  study  of  transient  sojourn  times 
for  jobs  which  require  disassembly,  service,  and  reassembly.  In  particular, 
the  case  was  studied  where  two  subjobs  are  generated  at  disassembly,  each 
of  which  then  traverses  a serial  network  of  single-server,  FIFO  queues  like 
those  described  in  Chapter  3.  Upon  completion  of  their  respective  subroutes 
the  subjobs  are  reassembled  into  the  parent  job  which  then  exits  the  system. 

Exact  solution  of  the  sojourn  time  distribution  for  particular  jobs  under 
scenarios  conditions  is  more  complicated  than  that  for  the  serial  model  case. 
Therefore,  simple  heuristic  schemes  were  developed  as  an  alternative  to 
Monte-Carlo  simulation.  Each  of  the  four  heuristics  developed  were  shown 
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to  give  good  approximations  of  the  mean  and  variance  of  the  sojourn  time 
for  a range  of  example  scenarios. 

The  best  estimates  of  the  mean  sojourn  time  were  provided  by  the  DPL 
heuristic  while  the  DSHSM  technique  gave  the  best  estimates  of  the  stan- 
dard deviation.  A hybrid  of  the  two  could  be  used  to  provide  the  best 
estimates  for  both  parameters. 

Two  of  the  heuristics  (DSHSM  and  DPLSM)  incorporated  a relatively 
simple  determination  of  the  maximum  of  two  subroute  sojourn  times.  For 
purposes  of  tractibility  these  subroute  sojourn  times  were  assumed  to  be 
special  Erlang.  The  associated  mean  and  variance  of  the  maximum  were 
used  in  an  attempt  to  better  capture  the  total  sojourn  time.  While  these 
heuristics  did  not  provide  significantly  better  (or  worse)  results  than  their 
simpler  counterparts,  they  provide  a basis  for  heuristic  methodologies  to 
solve  more  general  disassembly-reassembly  models  exhibiting  the  genera- 
tion of  potentially  many  subjobs  and  non-symmetric  subroutes. 


CHAPTER  5 


SUMMARY  AND  SUGGESTIONS  FOR  FUTURE  RESEARCH 

5.1  Summary 

In  this  dissertation  a study  of  heuristic  methodologies  for  approximat- 
ing sojourn  times  of  particular  jobs  traversing  networks  of  queues  under 
“given  scenario”  conditions  has  been  presented.  Two  basic  kinds  of  net- 
works were  considered:  serial  networks  of  single-server,  FIFO  queues  and 
disassembly-reassembly  networks  where  jobs  are  disassembled  into  subjobs, 
serviced  along  different  routes,  and  reassembled  into  the  parent  job.  The 
study  of  these  kinds  of  networks  was  motivated  by  real-world  problems 
that  exist  in  repair  and  maintenance  facilities,  such  as  Naval  Air  Rework 
Facilities  (NARF’s).  Management  problems  that  are  encountered  include 
the  inability  to  accurately  project  completion  times  of  particular  jobs  at  a 
reasonable  cost  of  time  and  resources. 

A thorough  search  of  the  current  literature  revealed  that  this  partic- 
ular type  of  problem  has  been  largely  unstudied.  Similar  problems  under 
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steady-state  conditions  have  received  a good  deal  of  attention  but  the  “given 
scenario”  problems  and  the  disassembly-reassembly  job  type  have  not  been 
reported  on  to  any  extent. 

An  exact  analytic  procedure  for  solving  the  serial  network  problem  was 
developed  in  Chapter  3.  This  procedure  is  an  extension  of  the  work  of  P.G. 
Harrison  [30].  Harrison  was  primarily  concerned  with  closed  serial  networks 
under  exponential  service.  The  procedure  developed  for  this  dissertation 
extended  Harrison’s  procedure  to  more  general  Markovian  service  distri- 
butions and  to  open  networks.  From  this  procedure  it  was  found  that  the 
exact  sojourn  distribution  for  the  serial  model  is  the  so-called  generalized 
hyper-Erlang,  in  other  words,  a convex  combination  of  generalized  Erlang 
distributions  where  each  general  Erlang  term  corresponds  to  a unique  path 
through  the  associated  Markovian  state  space.  The  shop  sojourn  time  was 
also  shown  to  be  negatively  correlated  with  particularly  longer  than  aver- 
age sojourn  times  at  one  shop  coupled  with  shorter  than  average  times  at 
the  next,  and  vice-versa. 

Application  of  the  exact  technique  to  other  than  very  small  problems, 
however,  was  shown  to  be  computationally  infeasible.  This  is  because  of 
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the  potentially  huge  numbers  of  potential  paths  through  the  state  space  of 
the  model. 

Given  the  computational  difficulties  of  the  exact  technique,  simple  heuris- 
tics were  developed  as  an  alternative  to  time  consuming  Monte-Carlo  simu- 
lation. Two  heuristics  based  upon  the  Central  Limit  Theorem  incorporated 
the  idea  of  simple  determinisitic  simulation.  Both  techniques  require  only  a 
minimal  amount  of  computer  memory  and  provide  reliable  approximations 
in  only  a fraction  of  the  time  required  to  perform  Monte-Carlo  simulation. 

A wide  range  of  example  scenarios  designed  to  test  the  performance 
of  the  heuristics  on  “NARF-like”  problems  were  solved.  Other  scenarios 
designed  to  test  the  robustness  of  the  techniques  were  also  solved.  The 
results  of  these  tests  showed  that  both  heuristics  performed  very  well  in 
approximating  the  mean  and  standard  deviation  of  the  sojourn  time. 

The  disassembly-reassembly  problem  was  presented  in  Chapter  4.  Again, 
computational  complexity  of  the  exact  solution  required  that  heuristic  schemes 
be  developed.  To  this  end  four  techniques  were  presented.  Two  of  the 
heuristics  were  the  same  ones  for  the  serial  models  of  Chapter  3.  The  other 
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two  were  based  upon  the  first  two  and  on  a technique  to  compute  the  mean 
and  variance  of  the  maximum  of  two  subroute  sojourn  distributions. 

A set  of  example  scenarios  were  also  solved  with  all  the  heuristics  and 
compared  with  the  results  from  Monte-Carlo  simulation.  All  four  heuristics 
were  shown  to  give  good  approximations  of  the  sojourn  mean  and  standard 
deviation. 

In  conclusion,  deterministic  simulation  and  simple  variations  of  this 
scheme  were  shown  to  be  effective  in  approximating  sojourn  times  in  the 
class  of  problems  studied.  The  heuristics  were  particularly  effective  under 
heavy  traffic  scenarios. 

5.2  Suggestions  for  Future  Work 

This  research  is  only  the  start  of  work  in  a potentially  fruitful  arena  of 
network  queueing  problems.  There  are  many  possible  directions  that  can 
be  taken  to  enhance  and  further  develop  solution  methodologies  for  the 
complex  sojourn  time  analysis  beyond  the  work  in  this  dissertation. 

In  the  area  of  serial  queueing  models,  more  general  service  distribu- 
tions need  to  be  studied  including  generalized  Erlang  distributions.  The 
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ability  to  model  more  complex  service  centers  with  multiple  servers  and 
more  general  service  disciplines  is  also  an  important  potential  enhance- 
ment. Incorporations  of  multiple  job  types  which  require  different  service 
distributions  must  be  included  in  order  to  study  more  generalized  models 
of  serial  queueing  systems.  Another  modification  is  the  ability  to  model 
arrivals  from  potentially  many  sources  to  any  shop  in  the  network.  In  the 
same  fashion  departures  from  any  shop  must  also  be  included.  A simple 
diagram  of  such  a model  is  shown  in  Figure  5.1. 

Another  important  problem  lies  in  characterizing  the  correlation  in  the 
sojourn  times  at  successive  shops  in  the  network.  This  characterization 
could  help  improve  the  variance  estimate  from  the  simple  heuristics. 

For  the  disassembly-reassembly  network  models  there  is  an  even  larger 
set  of  potential  directions  of  research.  Along  with  the  enhancements  of 
multiple  job  types,  multiple  servers,  more  general  service  distributions,  and 
more  general  queueing  models,  incorporation  of  non-symmetric  and  more 
generalized  subroutes  for  the  subjobs  generated  are  prime  areas  for  further 
research.  Also  the  generation  of  multiple  offspring  needs  to  be  considered, 
as  well  as,  multiple  levels  of  disassembly-reassembly. 
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Departures 


Figure  5.1:  Generic  Serial  Queueing  Network 


APPENDICES 


APPENDIX  A 


MISCELLANEOUS 


A.l  Proof  that  the  Distribution  of  the  Minimum  of  M Exponentially 
Distributed  Holding  Times  is  Exponentially  Distributed 


Let 


Y = Min[Xi,X2,...XM]  (A-1) 

where  y is  a random  variable  and  each  Xi  (t  = 1, M)  is  an  exponentially 
distributed  random  variable  representing  a holding  time  interval  with  rate 
/ij.  Then  Y is  also  exponentially  distributed  with  rate  A,  where 

A = 

PROOF 

The  proof  is  by  induction.  First  let  Y\  = Min[ATi,  X2].  By  definition  the 
density  function  associated  with  X,  is 

then 
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FyAvi)  = 


(A.2) 


— 1 _ g-tilVl  g-f*2VL 

= j _ g-(i^i+i^2)yi 

Equation  A.2  is  an  exponential  distribution,  therefore  Y\  is  an  expo- 
nentially distributed  random  variable.  Now,  let  1^2  = Min[yi,X3].  From 
Equation  A.2,  Y2  is  also  exponentially  distributed  with  rate  Mi  + M2  + Ms- 
Iterating  this  process  a total  of  M — 1 times  leads  to  E = Ym-i  where 
Y is  exponentially  distributed  with  rate  A,  where 


and  the  proof  is  complete. 
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A. 2 Derivation  of  for  the  Small  Example  of  Section  3.2.3 

From  Section  3.2.3  the  Laplace-Stieljes  transform  of  the  sojourn  time 
from  state  1 to  state  9 is  shown  to  be 


(s+fiiy(s+fii+fi2y(3+fi2}> 

Now  given  the  above,  the  problem  is  to  reinvert  Equation  A. 3 to  the 
time  domain.  Let  T/  represent  term  i in  Equation  A. 3.  Then 

rp*  1 

1 “ 


Ni{s)  — Ao  + Ai(s  + /ii  + /i2) 

N2{s)  = Bq  + Bi[s  + p.2)  + ^^2(5  + 1^2)^ 

Next,  Equation  A. 4 can  be  reinverted  using  partial  fraction  expansion  to 

determine  the  unknown  coefficients  A,  and  Bj.  An  example  of  the  basic 

form  of  the  reinversion  is 


(A.3) 


Niis)  , N2(s) 

(s+f<l+>i2)^  ' (s  + /i2)^ 


where 


(A.4) 


p-l\  Ni(a) 

^ l(s+/xi+/^2)* 


g-(Ml+f*2)< 
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Now,  the  unknown  coefficients  are  determined  as  follows 
Multiplying  (A. 4)  by  (s  + /xi  + ^2)^  yields 


1 _ 

(s+A*2)® 

To  solve  for  Ao, 
Similarly 


. yto  + + X2)  + 

let  s = -((11  + (1,)  Ao  = 


Ai  = 

dr  1 1 

dsi(s  + ^i2)3h  = -(f*l+#*2) 

-3  1 

(s+(l2)*  h=-((^l+/^2) 

-3 

to 

0 

II 

1 1 1 

~ nl 

Bi  = 

-2  1 . -2 

(a+/ii+fi2)®  h--M2  ^3 

to 

II 

6 1 6 

(s  + #2l+/22)*  l^=->^2  ^4 

Therefore 

T* 

_ [-1  1 31  1 1 1 

1 (a  + ;Jl+/22)^  (s  + /2l+lt2)  ^^*  + ^'2)' 

(a  + /22)^  ^ fi'i 

n{t) 

Ml 

+ 4e-/42f| 

2/uJ  ’ nf  i 

Next  term  T2 

is  inverted  in  a similar  fashion 

(A.6) 
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t; 


1 ^ NAs)  , N2(s) 

(«+#J1+H2)3(s+M2)^  (a+/il+^2)®  («+#‘2)^ 


where 


■^i(^)  — -Aq  + Ai(5  + /Xi  + //a)  + ^2(5  + + 1^2)^ 

N2{s)  = Bq  + + 122) 


Ao  — 
Ai  = 
A2  = 
Bo  - 
Bi  = 

t;  = 


n{t)  = 


{s+^^2}^  U=-(/^l+>l2)  — ^2 


(S  + /12)®  h=-(/2l+#‘2)  — ^3 

1 I _ _6_ 

(s+f»2)^  '*=“('^1+^2)  fij 

1 I _ X 

(s+Jii+/22)3  l«  = -f‘2 
{s+ix,+^2)*\^=-t^2  = 

fX 1 I X 1 I 

I- ij.]  (s+m+ti2)^  ^*5  (s+Mi+M2)^ 

(s  + A*l+/i2)  ' (3+^*2)^  (s+li2)‘ 


Ag-(/2l+#22)t  I Lg-/22« 

/2l 


Terms  Tz[t),  T4{t),  and  T^lt)  can  be  determined  in  the  same  fashion. 


APPENDIX  B 


LISTINGS  OF  PROGRAMS  FOR  HEURISTICS 


B.l  Listing  of  the  DSH  Program 


C**  ** 
C**  Deterministic  Simulation  Heuristic  (DSH)  ** 
C**  ** 
C**  Developed  By:  Russell  E.  King  ** 
C**  Dept,  of  Industrial  and  Systems  Engineering  ** 
C**  University  of  Florida  ** 
C**  Gainesville,  Florida  ** 
C**  ** 

c** 

c**  ** 

C**  This  routine  computes  the  first  two  moments  of  sojourn  ** 
C**  distribution  using  the  deterministic  simulation  heuristic,  ** 
C**  (DSH)  for  serial  networks  of  single  server  queues.  ♦♦ 
C**  ♦* 


IMPLICIT  INTEGER*4  (A-Z) 

REAL  MU (10) , VAR (10) , SXX(IO) , SQSUM 

REAL  STAGE ( 10) , NUMC ( 10) , DM1 , DM2 , DVAR , DSTD , STIME , NC 

DIMENSION  QS(IO) ,NEND(10) ,NS(10) 

CHARACTER  CDATE*9 , CTIME+8 , MTYPE* 15 , STYPE* 15 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

OPEN (UNIT=1 , FILE= ’ INPUT . DAT ’ , STATUS= ’ OLD ’ ) 

OPEN (UNIT=2 , FILE= ’ DSH . OUT ’ , STATUS= ’ NEW ’ ) 

CALL  DATE(CDATE) 

CALL  TIME(CTIME) 

READ (1,1)  MTYPE , STYPE , EXAMPL , MODEL 
1 F0RMAT(////13X,A15,2OX,A15/17X,I4,19X,I4) 

READ (1,10)  NQ,NS 
READ(1,20)  (qS(K) ,K=1,NQ) 

10  FORMAT(//////46X,I5/46X,10I5) 

20  FORMAT (///10(46X, 15//)) 

READ (1,30)  (MU(K) ,VAR(K) ,K=1,NQ) 

30  F0RMAT(///10(46X,F5.3,5X,F5.3/)) 

NEND(l)=qS(l) 

DO  40  K=2,Nq 

40  NEND(K)=NEND(K-l)+qS(K) 
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WRITE (2 , 45)  MTYPE , STYPE , EXAMPL . CDATE . MODEL , CTIME 
45  FORMAT (25X, ’DETERMINISTIC  SIMULATION  HEURISTIC  RESULTS ’/25X, 

$ 42(>-’)/// 

$ IX, ’MODEL  TYPE  ==================>  ’ ,A15/ 

$ IX, ’REALM  =======================>  ’,A15// 

$ IX,’***  NARF  JOB  SHOP  EXAMPLE  NUMBER’ , 13 , 2X, ’ ***’, 

$ T45, ’RUN  DATE  ’ ,A9// 

$ IX,’***  RESULTS  FOR  MODEL  NUMBER’ ,14, 2X, ’***’ , 

$ T45, ’RUN  TIME  ’ , A9///1X, 80( ’ * ’ ) /) 

WRITE (2, 50)  NQ, (K,QS(K) ,K=1,NQ) 

50  FORMAT (///IX, ’NUMBER  OF  QUEUES  = ’,18, 

$ //IX, ’QUEUE  SIZE’/ 

$ 1X,5(’-’) ,5X, ’ ’/10(1X,I4,7X,I3/)) 

C 

C-- 

C--  Mark  Beginning  of  Program  Run  Time 
C-- 

C 

IF(.NOT.LIB$INIT_TIMER(INITIM))  GO  TO  1000 


c** 

c** 

VARIABLE 

DEFINITIONS: 

* * 

c** 

c** 

DM1 

- FIRST  MOMENT 

♦ * 

c** 

4c  4c 

c** 

DM2 

- SECOND  MOMENT 

c** 

4c  4c 

c** 

NUMC(K) 

- NUMBER  OF  SERVICE  COMPLETIONS  AT  STAGE  K. 

4«4c 

C** 

4c  4c 

c** 

STAGE (K) 

- SERVICE  TIME  REQUIRED  AT  STAGE  K. 

4c  4c 

c** 

4c  4c 

c** 

STIME 

- CUMULATIVE  SERVICE  TIME 

4c  4c 

c** 

4c  4c 

STAGE(1)=QS(1)/MU(1) 

NUMC(1)=QS(1) 

STIME=0 
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DO  60  K=2,NQ 
STIME=STIME+STAGE(K-1) 

NC=MU(K)*STIME 

NUMC (K) =AMAX1 (NEND (K) -NC , 1 . 0) 

STAGE (K) =NUMC (K) /MU(K) 

60  CONTINUE 

DM1=STIME+STAGE(NQ) 

DVAR=0.0 

DO  70  K=1,NQ 

SXX (K) =NUMC (K) *VAR (K) 

DVAR=DVAR+SXX(K) 

70  CONTINUE 

DSTD=SQRT(DVAR) 

WRITE (2. 80)  DM1,DM2.DVAR,DSTD 
80  FORMAT(//1X,80( ’*’)// 

$ ’ FIRST  MOMENT=’ ,F15. 7, lOX, ’SECOND  MOMENT=’ .FIB. 7// 

$ ’VARIANCE  =’ .FIB. 7, lOX, ’STANDARD  DEV. =’ .FIB. 7) 

WRITE (2. 90) 

90  FORMAT (//IX. ’EXPECTED  NUMBER  OF  CUSTOMERS  AT  EACH  STAGE’// 

$ IX. ’STAGE’ .BX. ’NUMBER’) 

WRITE (2. 100)  (K.NUMC(K) .K=1.NQ) 

100  F0RMAT(I4.7X.FB.2) 

Q 

C— 

C — Compute  and  Output  Program  Run  Time 

C— 

C 

IF(.NOT.LIB$SHOW_TIMER(INITIM))  GO  TO  1000 
1000  STOP 

END 


B.2  Listing  of  the  PPL  Program 


C**  ** 
C**  Enhanced  Deterministic  Simulation  Heuristic  (DPL)  ** 
C**  ** 
C**  Developed  By:  Russell  E.  King  ** 
C**  Dept,  of  Industrial  and  Systems  Engineering  ** 
C**  University  of  Florida  ** 
C**  Gainesville,  Florida  ♦* 
C**  ** 

c+* 

c**  ** 

C**  This  routine  computes  the  first  two  moments  of  sojourn  ** 
C**  distribution  using  the  enhanced  deterministic  simulation  ** 
C**  heuristic,  (DPL)  for  serial  networks  of  single  server  queues.** 
C**  ** 


c*  *******************************************************************!»:* 
IMPLICIT  INTEGER+4  (A-Z) 

REAL  MU ( 10) , ADD , PO , U1 , U2 , PSUM , PFACT , P 1 , PROB (15,50) 

REAL  STAGE ( 10) , NUMC ( 10) , DM1 , DM2 , DVAR , DSTD , STIME , NC 
REAL  NUMB,SXX(10) ,SQSUM 

DIMENSION  NS(IO) ,QS(10) ,NEND(10) ,P0SSIB(15) 

CHARACTER  CDATE*9 , CTIME*8 , MTYPE* 15 , STYPE* 15 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

OPEN (UNIT=1 , FILE= ’ INPUT . DAT ’ , STATUS= ’ OLD ’ ) 

OPEN (UNIT=2 , FILE= ’ DPL . OUT ’ , STATUS= ’ NEW ) 

CALL  DATE(CDATE) 

CALL  TIME(CTIME) 

READ (1,1)  MTYPE, STYPE, EXAMPL, MODEL 
1 F0RMAT(////13X,A15,2OX,A15/17X,I4,19X,I4) 

READ(1,10)  NQ, (NS(I) ,I=1,NQ) 

READ(1,20)  (qS(K) ,K=1,NQ) 

10  F0RMAT(//////46X,I5/46X,10I3) 

20  FORMAT (///10(46X, 15/)) 

READ(1,30)  (MU(K) ,K=1,NQ) 

30  FORMAT (///10(46X,F5. 3/)) 

NEND(l)=qS(l) 

DO  40  K=2,Nq 

40  NEND(K)=NEND(K-l)+qS(K) 
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WRITE (2 . 45)  MTYPE , STYPE , EXAMPL , CDATE , MODEL , CTIME 
45  FORMAT (25X, ’DETERMINISTIC  SIMULATION  HEURISTIC  RESULTS’/25X, 


$ 42(’-’)/// 

$ IX, ’MODEL  TYPE  ==================>  ’ ,A15/ 

$ IX, ’REALM  =======================>  ’,A15// 


$ IX,’***  NARF  JOB  SHOP  EXAMPLE  NUMBER’ , 13 , 2X, ’ ***’, 

$ T45, ’RUN  DATE  ’ ,A9// 

$ IX,’***  RESULTS  FOR  MODEL  NUMBER’ ,14, 2X, ’***’ , 

$ T45, ’RUN  TIME  ’ , A9///1X, 80( ’ * ’ ) /) 

WRITE (2, 50)  NQ, (K,qS(K) ,K=l,Nq) 

50  F0RMATC///1X, ’NUMBER  OF  qUEUES  =’ ,I8//1X, ’qUEUE  SIZE’/ 

$ 1X,5(’-’) ,5X, ’ ’/10(1X,I4,7X,I3/)) 

C 

C-- 

C--  Mark  Beginning  of  Program  Run  Time 
C— 

C 

IF(.NOT.LIB$INIT_TIMER(INITIM))  GO  TO  1000 


c** 

** 

c** 

VARIABLE 

DEFINITIONS: 

** 

c** 

* ♦ 

c** 

DM1 

- FIRST  MOMENT 

** 

c** 

c** 

NUMC(K) 

- NUMBER  OF  SERVICE  COMPLETIONS  AT  STAGE  K. 

]fc  ]f( 

c** 

** 

c** 

STAGE (K) 

- SERVICE  TIME  REqUIRED  AT  STAGE  K. 

** 

c** 

** 

c** 

STIME 

- CUMULATIVE  SERVICE  TIME 

** 

c** 

** 

STAGE(l)=qS(l)/MU(l) 

NUMC(l)=qS(l) 

STIME=0 
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DO  60  K=2.NQ 
STIME=STIME+STAGE (K- 1 ) 

NC=MU(K)*STIME 

NUMC (K) =AMAX1 (NEND (K) -NC , 1 . 0) 

STAGE (K) =NUMC (K) /MU (K) 

60  CONTINUE 

DM1=STIME+STAGE(NQ) 

C****4i**4c4i***i|i***4c*i|i**4:***>)>***)t:******i|ii|i***i|<*i|i>tn|<4ii|i4<*i|i*****>l<4cilc>|cs|ii|<**4i**)|i;ti**:ti4:}|i* 

NUMB=0 . 0 
DO  75  K=2.NQ 
U1=MU(K-1) 

U2=MU(K) 

NUMB=NUMB+NUMC (K- 1 ) 

P0SS=NEND(K)-U2/U1*(NUMB-1)  + 0.99 
P0=U1/(U1+U2) 

IF(MU(K-1) .LE.MU(K))  THEN 

IF(NUMC(K-1)/MU(K-1)-NUMC(K)/MU(K) .GT. 3. AND.POSS.lt. 3)  P0SS=3 
IF(POSS.LE.l)  THEN 
P0SS=2 

ENDIF 

PROB(K,POSS)=PO 

PFACT=(U2/(U1+U2))**NS(K) 

ADD=PO*POSS/MU(K) 

PSUM=PO 

DO  73  P=l,P0SS-2 
P1=P0*PFACT**P 
PR0B(K,P0SS-P)=P1 
PSUM=PSUM+P1 

ADD=ADD+P1*(P0SS-P)/MU(K) 

73  CONTINUE 

POSSIB(K)=POSS 
PROB(K,1)=1.0-PSUM 
ADD=ADD+ ( 1 . 0-PSUM) /MU (K) 

DM1=DM1-STAGE(K) 

DM1=DM1+AMAX1 (ADD . STAGE (K) ) 
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ELSE 

IF(P0SS.LE.3)  THEN 

POSS=MAXO(2,POSS) 

PROB(K,POSS)=PO 

PFACT=(U2/(U1+U2))**NS(K) 

ADD=PO*POSS/MU(K) 

POSSIB(K)=POSS 

PSUM=PO 

DO  47  P=l,P0SS-2 
Pl=PO*PFACT**P 
PROB(K,POSS-P)=Pl 
PSUM=PSUM+P1 

ADD=ADD+Pl*(POSS-P)/MU(K) 

47  CONTINUE 

PROB(K.1)=10-PSUM 
ADD=ADD+ ( 1 . O-PO) /MU (K) 
DM1=DM1-STAGE(K) 

DM1=DM1+AMAX1 (ADD , STAGE (K) ) 

ELSE 

POSSIB(K)=NUMC(K) 

PROB(K,NUMC(K))=1.0 

ENDIF 

ENDIF 

76  CONTINUE 

SXX(1)=NUMC(1)/MU(1)**2/NS(1) 

DVAR=SXX(1) 

DO  170  K=2,NQ 
IF(POSSIB(K) .GT.3)  THEN 

SXX(K)=NUMC(K)/MU(K)**2/NS(K) 

ELSE 

DO  70  P=1,P0SSIB(K) 

SXX(K)  = SXX(K)  + PR0B(K,P)*P/MU(K)**2/NS(K) 
70  CONTINUE 

ENDIF 

DVAR=DVAR+SXX(K) 

170  CONTINUE 

DSTD=SQRT (AMAXl (DVAR .0.0)) 
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WRITE (2, 180)  DM1,DM2,DVAR,DSTD 
180  FORMAT(//1X,80( ’*’)// 

$ ’ FIRST  M0MENT=’ ,F15. 7, lOX, ’SECOND  M0MENT=’ ,F15. 7// 

$ ’VARIANCE  =’ ,F15. 7. lOX, ’STANDARD  DEV. =’ ,F15. 7) 

WRITE (2. 190) 

190  FORMAT (//IX, ’EXPECTED  NUMBER  OF  CUSTOMERS  AT  EACH  STAGE’// 

$ IX, ’STAGE’ ,BX, ’NUMBER’) 

WRITE(2,200)  (K,NUMC(K) ,K=1,NQ) 

200  F0RMAT(I4,7X,F5.2) 

C 

c— 

C — Compute  and  Output  Program  Run  Time 

C— 

C 

IF(.NOT.LIB$SHOW_TIMER(INITIM))  GO  TO  1000 
1000  STOP 
END 
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B.3  Listing  of  the  DSHSM  Program 


c**** 

c** 

c** 

c** 

c** 

c** 

c** 

c** 

c** 

c** 

c**-- 

c** 

c** 

c** 

c** 

c** 

c** 


*************************************************^****^^^^^^^^^^^^ 

** 

Deterministic  Simulation  Heuristic  with  Subroute  *♦ 

Maximization  (DSHSM)  ** 

** 

Developed  By:  Russell  E.  King  ♦* 

Dept,  of  Industrial  and  Systems  Engineering  ** 
University  of  Florida  ** 

Gainesville,  Florida  ** 


This  routine  computes  the  first  two  moments  of  sojourn  ** 
distribution  using  the  deterministic  simulation  heuristic  ** 
with  the  subroute  maximization  enhancement  (DSHSM)  ♦* 
for  disassembly-reassembly  networks  of  single  server  queues.  ♦* 


IMPLICIT  INTEGER+4  (A-Z) 

REAL*8  MU(IO) ,SXX(10) .CNTC.AM 

REAL*8  STAGE(IO) .NUMC(IO) ,DM1,DM2,DVAR,DSTD,STIME.NC 
REAL* 16  TERMl . TERM2 , SUMl , SUM2 , N2 , FN . ETAU , ETAU2 , 

$ AVGMU.VTAU 

DIMENSION  NS(IO) ,QS(10) .NEND(IO) 

CHARACTER  CDATE*9 . CTIME+8 , MTYPE* 15 , STYPE* 15 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

OPEN (UNIT=1 , FILE= ’ INPUT . DAT ’ . STATUS= ’ OLD ’ ) 

OPEN (UNIT=2 , FILE= ’ DSHSM . OUT ’ , STATUS= ’ NEW ’ ) 

CALL  DATE(CDATE) 

CALL  TIME(CTIME) 

READ (1.1)  MTYPE , STYPE . EXAMPL , MODEL 
1 FORMAT(////13X.A15,20X,A15/17X,I4.19X,I4) 

READ(l.lO)  NQ. (NS(I) ,I=1,NQ) 

READ(1,20)  (QS(K) ,K=l,Nq) 

10  FORMAT(//////46X,I5/46X,10I3) 

20  FORMAT (///10(46X, 15/)) 

READ(1,30)  (MU(K) .K=1,NQ) 

30  FORMAT(///10(46X,F5.3/)) 

NEND(l)=qs(l) 

DO  40  K=2,Nq 

40  NEND(K)=NEND(K-l)+qS(K) 
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WRITE (2 . 4B)  MTYPE . STYPE . EXAMPL . CDATE , MODEL . CTIME 
4B  FORMAT (2BX, ’DETERMINISTIC  SIMULATION  HEURISTIC  RESULTS’/2BX, 

$ 42(’-’)/// 

$ IX, ’MODEL  TYPE  ==================>  ’ ,A1B/ 

$ IX, ’REALM  =======================>  ’,A1B// 

$ IX,’***  NARF  JOB  SHOP  EXAMPLE  NUMBER’ , 13 , 2X, ’ ***’, 

$ T4B,’  RUN  DATE  ’,A9// 

$ IX,’***  RESULTS  FOR  MODEL  NUMBER’ ,14, 2X, ’***’ , 

$ T4B,’  RUN  TIME  ’ , A9///1X, 80( ’ * ’ ) /) 

WRITE(2,BO)  NQ,NS, (K,qS(K) ,K=1,NQ) 

BO  F0RMAT(///1X, ’NUMBER  OF  QUEUES  = ’, 18, lOX, ’NUMBER  OF  STAGES’, 

$ ’ OF  SERVICE  = ’ , 1013 

$ //IX, ’QUEUE  SIZE’/ 

$ 1X,B(’-’) ,BX, ’ ’/10(1X,I4,7X,I3/)) 

C 

c— 

C--  Mark  Beginning  of  Program  Run  Time 
C-- 

C 

IF(.NOT.LIB$INIT_TIMER(INITIM))  GO  TO  1000 


c** 

♦ ♦ 

c** 

VARIABLE 

DEFINITIONS: 

*♦ 

c** 

c** 

DM1 

- FIRST  MOMENT 

*♦ 

c** 

** 

c** 

NUMC(K) 

- NUMBER  OF  SERVICE  COMPLETIONS  AT  STAGE  K. 

** 

c** 

** 

c** 

STAGE (K) 

- SERVICE  TIME  REQUIRED  AT  STAGE  K. 

c** 

4c  4t 

c** 

STIME 

- CUMULATIVE  SERVICE  TIME 

4c  4e 

c** 

4c  4c 

STAGE(1)=QS(1)/MU(1) 

NUMC(1)=QS(1) 

CNTC=0 

STIME=0 
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DO  60  K=2,NQ 
STIME=STIME+STAGE (K- 1) 

NC=MU(K)*STIME 

NUMC (K) =DMAX1 (NEND (K) -NC , 1 . ODO) 

STAGE (K)=NUMC(K) /MU (K) 

CNTC=CNTC+NUMC (K) *NS (K) 

60  CONTINUE 

DM1=STIME+STAGE(NQ) 

AM=DM1-STAGE(1)-STAGE(NQ) 

CNTC=CNTC-NUMC (NQ) *NS (NQ) 

N=INT(CNTC+0.5) 

AVGMU=N/AM 
DM2=0 . 0 
DVAR=0 . 0 
DO  70  K=1,NQ 

SXX(K)=NUMC(K)/MU(K)**2/NS(K) 

DVAR=DVAR+SXX(K) 

70  CONTINUE 

DSTD=SQRT(DVAR) 

C**  ** 

C**  Adjust  mean  and  variance  for  maximum  of  two  identical  ** 

C**  serial  cases.  Note,  however,  that  the  first  and  last  ♦* 

C**  stages  are  not  duplicated.  Therefore,  there  are  three  ** 

C**  pieces  to  the  total  mean  and  variance.  ** 

C**  ** 

C**  Piece  1 - mean  and  var  of  first  queue  sojourn  time.  ** 

c**  ** 

C**  Piece  2 - maximum  of  two  identical  serial  cases  for  queues  ♦* 
C**  2 - NQ-1.  ** 

C**  *♦ 

C**  Piece  3 - mean  and  var  of  last  queue  sojourn  time.  *♦ 

C**  *♦ 

C**  Total  mean  = mean(l)  + mean(2)  + mean(3)  *♦ 

C**  Total  var  = var(l)  + var(2)  + var(3)  estimated  ♦♦ 

C**  ** 

TERM1=2.0 

NM1=N-1 

N2=N*2.0 

FN=N 
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DO  75  1=1, NMl 

75  TERMl  = TERM1/4.0*(N2-I)/(FN-I) 

TERMl  = TERMl*FN/4.0 
TERM2  = TERM1*FN 
SUMl  = TERMl 
SUM2  = TERM2 
DO  78  1=1, NMl 
TERM2  = TERMl* (FN-I) 

TERMl  = TERM2*2.0/(N2-I) 

SUMl  = SUMl  + TERMl 
78  SUM2  = SUM2  + TERM2 

ETAU  = (N2-SUMD/AVGMU 

ETAU2  = (N2*(FN+1)-SUM2)/AVGMU**2 

VTAU  = ETAU2  - ETAU* *2 

DM 1 =S  TAGE ( 1 ) + S TAGE ( N q ) +ETAU 

DVAR=SXX  ( 1 ) +SXX  ( N Q ) + VTAU 

DSTD=SQRT(DVAR) 

WRITE (2, 80)  DM1,DM2,DVAR,DSTD 

80  F0RMAT(//80( ’*’)// 

$ FIRST  MOMENT=’ ,F15. 7, lOX, ’SECOND  MOMENT=’ ,F15. 7// 

$ .’VARIANCE  =’ ,F15. 7. lOX. ’STANDARD  DEV. =’ ,F16. 7) 

WRITE (2, 90) 

90  F0RMAT(//1X, ’EXPECTED  NUMBER  OF  CUSTOMERS  AT  EACH  STAGE’// 

$ IX, ’STAGE’ ,5X, ’NUMBER’) 

WRITE(2,100)  (K.NUMC(K) .K=1,NQ) 

100  FORMAT(10X,I4,7X.F5.2) 

C 

C-- 

C — Compute  and  Output  Program  Run  Time 

C-- 

C 

IF(.NOT.LIB$SHOW_TIMER(INITIM))  GO  TO  1000 

1000  STOP 

END 
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B.4  Listing  of  the  DPLSM  Program 


C**  *♦ 
C**  Enhanced  Deterministic  Simulation  Heuristic  with  Subroute  ** 
C**  Maximization  (DPLSM)  ♦* 
C**  ♦♦ 
C**  Developed  By:  Russell  E.  King  ** 
C**  Dept,  of  Industrial  and  Systems  Engineering  ♦* 
C**  University  of  Florida  ** 
C**  Gainesville,  Florida  ** 
C**  ** 

Q** 

c*  ♦ ♦ * 
C**  This  routine  computes  the  first  two  moments  of  sojourn  ♦* 
C**  distribution  using  the  enhanced  deterministic  simulation  ** 
C**  heuristic  with  the  subroute  maximization  enhancement  (DPLSM)  ** 
C**  for  disassembly-reassembly  networks  of  single  server  queues.  ** 

c**  ♦* 


IMPLICIT  INTEGER*4  (A-Z) 

REAL*8  MU(IO) ,P0 ,U1 ,U2 ,PSUM,PFACT,P1 ,PR0B(15 . 50) . NC , ADD 
REAL*8  STAGE(IO) .NUMC(IO) , DM1 ,DM2 , DM3 , DVAR , DSTD, STIME 
REAL* 16  TERMl . TERM2 . SUMl . SUM2 , N2 . FN . ETAU . ETAU2 , 

$ AVGMU.VTAU.AM 

REAL  NUMB,RHO,SXX(10) .SqSUM.CNTC 
DIMENSION  NS(IO) .QS(IO) ,NEND(10) ,P0SSIB(1B) 

CHARACTER  CDATE*9 , CTIME*8 , MTYPE* 15 . STYPE* 15 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

OPEN (UNIT=1 , FILE=  > INPUT . DAT ’ . STATUS= ’ OLD ’ ) 

OPEN (UNIT=2 , FILE= ’ DSH . OUT ’ , STATUS= ’ NEW ’ ) 

CALL  DATE(CDATE) 

CALL  TIME(CTIME) 

READ (1,1)  MTYPE, STYPE, EXAMPL, MODEL 
1 F0RMAT(////13X,A15,20X,A15/17X,I4,19X,I4) 

READ(1,10)  NQ, (NS(I) ,I=1,NQ) 

READ(1,20)  (QS(K) ,K=1,NQ) 

10  FORMAT (//////46X,I5/46X, 1013) 

20  FORMAT (///10(46X, 15/)) 

READ(1,30)  (MU(K) ,K=1,NQ) 

30  FORMAT(///10(46X,F5.3/)) 

NEND(1)=QS(1) 

DO  40  K=2,NQ 

40  NEND(K)=NEND(K-l)+qS(K) 
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WRITE (2 , 45)  MTYPE . STYPE , EXAMPL , CDATE . MODEL , CTIME 
45  FORMAT (25X, ’DETERMINISTIC  SIMULATION  HEURISTIC  RESULTS’/25X, 


$ 42(’-’)/// 

$ IX, ’MODEL  TYPE  ==================>  ’ ,A15/ 

$ IX. ’REALM  =======================>  ’.A15// 


$ IX.’***  NARF  JOB  SHOP  EXAMPLE  NUMBER’ . 13 . 2X, ’ ***’, 

$ T45, ’RUN  DATE  ’ .A9// 

$ IX,’***  RESULTS  FOR  MODEL  NUMBER’ .14. 2X. ’***’ . 

$ T45, ’RUN  TIME  ’ . A9///1X, 80( ’ * ’ ) /) 

WRITE(2,50)  NQ, (K,qS(K) ,K=1,NQ) 

50  F0RMAT(///1X, ’NUMBER  OF  QUEUES  =’ .I8//1X, ’QUEUE  SIZE’/ 

$ 1X.5(’-’),5X. ’ ’/10(1X.I4,7X.I3/)) 

C 

c— 

C — Mark  Beginning  of  Program  Run  Time 

C-- 

C 

IF(.NOT.LIB$INIT_TIMER(INITIM))  GO  TO  1000 


c** 

** 

c** 

VARIABLE 

DEFINITIONS: 

*♦ 

c** 

c** 

DM1 

- FIRST  MOMENT 

4m(c 

c** 

♦ 4t 

c** 

NUMC(K) 

- NUMBER  OF  SERVICE  COMPLETIONS  AT  STAGE  K. 

** 

c** 

c** 

STAGE (K) 

- SERVICE  TIME  REQUIRED  AT  STAGE  K. 

** 

c** 

** 

c** 

STIME 

- CUMULATIVE  SERVICE  TIME 

** 

c** 

♦ ♦ 

STAGE(l)=qS(l)/MU(l) 

NUMC(l)=qS(l) 

CNTC=0.0 


STIME=0 
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DO  60  K=2,NQ 
STIME=STIME+STAGE (K- 1 ) 
NC=MU(K)*STIME 

NUMC (K) =DMAX1 (NEND (K) -NC . 1 . ODO) 
STAGE (K) =NUMC (K) /MU (K) 
CNTC=CNTC+NUMC (K) *NS (K) 

60  CONTINUE 

DM1=STIME+STAGE(NQ) 

AM=DM1-STAGE(1)-STAGE(NQ) 

CNTC=CNTC-NUMC(NQ)*NS(NQ) 

N=INT(CNTC+0.5) 

NUMB=0 . 0 


DO  75  K=2.NQ 
U1=MU(K-1) 

U2=MU(K) 

UMB=NUMB+NUMC(K-1) 

P0SS=NEND(K)-U2/U1*(NUMB-1)  + 0.99 
P0=U1/(U1+U2) 

IF (MU (K- 1 ) . LE . MU (K) ) THEN 

IF(NUMC(K-1)/MU(K-1)-NUMC(K)/MU(K) .GT. 3. AND.POSS.lt. 3)  POSS-3 
IF(POSS.LE.l)  THEN 
P0SS=2 


ENDIF 

PROB(K,POSS)=PO 

PFACT= (U2/ (U1+U2) ) **NS (K) 

ADD=PO*POSS/MU(K) 

PSUM=PO 

DO  73  P=l,P0SS-2 
P1-P0*PFACT**P 
PR0B(K,P0SS-P)=P1 
PSUM=PSUM+P1 

ADD=ADD+P1*(P0SS-P)/MU(K) 
73  CONTINUE 

POSSIB(K)=POSS 
PROB(K,1)=1.0-PSUM 
ADD=ADD+ ( 1 . 0-PSUM) /MU (K) 
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IF(K.LT.Nq)  THEN 

AM=AM-STAGE(K) 


ELSE 

AM=AM+DMAX1 (ADD , STAGE (K) ) 
DM3=DMAX1 (ADD , STAGE (NQ) ) 

ENDIF 

ELSE 

IF(P0SS.LE.3)  THEN 


47 

P0SS=MAX0(2,P0SS) 

PROB(K,POSS)=PO 

PFACT= (U2/ (U1+U2) ) **NS (K) 

ADD=PO*POSS/MU(K) 

POSSIB(K)=POSS 

PSUM=PO 

DO  47  P=l,P0SS-2 
Pl=PO*PFACT**P 
PROB(K,POSS-P)=Pl 
PSUM=PSUM+P1 

ADD=ADD+Pl*(POSS-P)/MU(K) 

CONTINUE 

PROB(K,1)=10-PSUM 
ADD=ADD+ ( 1 . O-PO) /MU (K) 

IF(K.LT.NQ)  THEN 

AM=AM-STAGE(K) 

AM=AM+DMAX1 (ADD . STAGE (K) ) 

ELSE 

DM3=DMAX1 (ADD . STAGE (NQ) ) 

ENDIF 

ELSE 

POSSIB(K)=NUMC(K) 
PROB(K,NUMC(K))=1.0 
IF(K.EQ.NQ)  DM3=STAGE(NQ) 

ENDIF 

ENDIF 

75  CONTINUE 
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c******************************************************************** 


c**  ** 

C**  Adjust  mean  and  variance  for  maximum  of  two  identical  *♦ 

C**  serial  cases.  Note,  however,  that  the  first  and  last  *♦ 

C**  stages  are  not  duplicated.  Therefore,  there  are  three  *♦ 

C**  pieces  to  the  total  mean  and  variance.  ♦* 

C**  ** 

C**  Piece  1 - mean  and  var  of  first  queue  sojourn  time.  *♦ 

C**  *♦ 

C**  Piece  2 - maximum  of  two  identical  serial  cases  for  queues  *♦ 
C**  2 - NQ-1.  ** 

C*  ♦ * * 

C**  Piece  3 - mean  and  var  of  last  queue  sojourn  time.  ** 

C**  ** 

C**  Total  mean  = mean(l)  + mean(2)  + mean(3)  ** 

C**  Total  var  = var(l)  + var(2)  + var(3)  estimated  ** 

c**  ♦* 


AVGMU=N/AM 
TERM1=2 . 0 
NM1=N-1 

N2=N*2.0 

FN=N 

DO  175  1=1, NMl 

175  TERMl  = TERM1/4.0*(N2-I)/(FN-I) 

TERMl  = TERMl *FN/4.0 
TERM2  = TERMl *FN 
SUMl  = TERMl 
SUM2  = TERM2 
DO  178  1=1, NMl 
TERM2  = TERMl* (FN-I) 

TERMl  = TERM2*2.0/(N2-I) 

SUMl  = SUMl  + TERMl 
178  SUM2  = SUM2  + TERM2 

ETAU  = (N2-SUMD/AVGMU 

ETAU2  = (N2*(FN+1)-SUM2)/AVGMU**2 

VTAU  = ETAU2  - ETAU* *2 
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DM1=STAGE ( 1 ) +DM3+ETAU 

SXX(l)  = NUMC(1)/MU(1)**2/NS(1) 

DO  1790  K=2,NQ 
IF(POSSIB(K) .GT.3)  THEN 

SXX(NQ)=  NUMC(K)/MU(K)**2/NS(K) 

ELSE 

SXX(NQ)-0.0 

DO  179  P=1,P0SSIB(K) 

SXX(K)  = SXX(K)  + PR0B(K,P)*P/MU(K)**2/NS(K) 

179  CONTINUE 

ENDIF 

1790  CONTINUE 

IF(N.LT.6)  THEN 
VTAU=0 . 0 
DO  1792  K=2,Nq-l 

1792  VTAU=VTAU+NUMC (K) /MU(K) **2/NS (K) 

ENDIF 

DVAR=SXX (l)+SXX(Nq)+VTAU 
DSTD=SqRT(DVAR) 

WRITE (2. 80)  DM1,DM2,DVAR,DSTD 
80  F0RMAT(//80( ’*’)// 

$ FIRST  MOMENT=’ ,F15. 7. lOX, ’SECOND  MOMENT=’ ,F15, 7// 

$ .’VARIANCE  =’ ,F15. 7. lOX, ’STANDARD  DEV. =’ ,F15. 7) 

WRITE (2, 90) 

90  F0RMAT(//1X, ’EXPECTED  NUMBER  OF  CUSTOMERS  AT  EACH  STAGE’// 

$ IX, ’STAGE’ ,5X, ’NUMBER’) 

WRITE(2,100)  (K,NUMC(K) ,K=l,Nq) 

100  FORMAT(10X,I4,7X,F5.2) 

C 

C-- 

C--  Compute  and  Output  Program  Run  Time 

C-- 

C 

IF(.NOT.LIB$SHOW_TIMER(INITIM))  GO  TO  1000 
1000  STOP 

END 


APPENDIX  C 


PERCENTAGE  DIFFERENCES  OF  SELECTED 
EXAMPLES  FOR  SERIAL  NETWORKS 


C.l  Percentage  Difference  Between  the  MEANS  of  the  EXACT  Analytic 
Solution  and  the  DSH  and  PPL  Heuristics  for  the  2 Queue  Model  1 

Examples 


EXMPL 

# ! 

1 

26  ! 

51  ! 

76 

101  ! 

126  ! 

151 

DSH 

20.00 

16.49  ! 

10.00  ! 

2.70 

15.09  ! 

7.69  ! 

1.64 

DPL 

0.00 

0.00  ! 

0.00  ! 

-4.95 

0.00  ! 

0.00  ! 

0.00 

EXMPL 

# ! 

2 

27  ! 

52  ! 

77 

102  ! 

127  ! 

152 

DSH 

7.69 

11.39  ! 

22.86  ! 

7.30 

5.00  ! 

1.82  ! 

0.18 

DPL 

0.00 

0.00  ! 

0.00  ! 

0.00 

-7.82  ! 

-7.27  ! 

-4.62 

EXMPL 

# ! 

3 

28  ! 

53  ! 

78 

103  ! 

128  ! 

153 

DSH 

0.52 

1.09  ! 

4.20  ! 

25.09 

0.23  ! 

0.03  ! 

0.00 

DPL 

0.00 

0.00  ! 

0.00  ! 

0.00 

0.23  ! 

0.03  ! 

0.00 

EXMPL 

# ! 

4 

! 

29  ! 

54  ! 

79 

104  ! 

129  ! 

154 

DSH 

0.04 

0.13  ! 

0.86  ! 

11.44 

0.01  ! 

0.00  ! 

0.00 

DPL 

0.00 

0.00  ! 

0.00  ! 

0.00 

0.01  ! 

0.00  ! 

0.00 

EXMPL 

# ! 

5 

30  ! 

55  ! 

80 

105  ! 

130  ! 

155 

DSH 

0.00 

0.01  ! 

0.12  ! 

4.14 

0.00  ! 

0.00  ! 

0.00 

DPL 

0.00 

0.00  ! 

0.00  ! 

0.00 

0.00  ! 

0.00  ! 

0.00 

EXMPL 

# ! 

6 

31  ! 

56  ! 

81 

106  ! 

131  ! 

156 

DSH 

22.58 

17.68  ! 

9.40  ! 

1.94 

16.70  ! 

7.95  ! 

1.43 

DPL 

9.68 

7.23  ! 

3.36  ! 

-2.27 

-16.76  ! 

-15.91  ! 

-9.89 

167 


168 


EXMPL 

# ! 

7 

! 

32  ! 

57 

82 

1 

107 

! 

132 

1 

157 

DSH 

11.11 

16.50  ! 

14.92 

2.91 

I 

7.11 

! 

2.41 

1 

0.20 

DPL 

5.56 

3.23  ! 

9.24 

-1.25 

1 

1 

7.11 

I 

1 

2.41 

1 

1 

0.20 

EXMPL 

# ! 

8 

33  ! 

58 

83 

1 

108 

1 

133 

1 

158 

DSH 

1.21 

2.57  ! 

9.46 

8.94 

1 

0.53 

1 

0.07 

1 

0.00 

DPL 

0.77 

-1.83  ! 

4.35 

5.03 

1 

1 

0.53 

! 

! 

0.07 

! 

I 

0.00 

EXMPL 

# 

9 

34  ! 

59 

84 

1 

109 

1 

134 

1 

159 

DSH 

0. 14 

0.40  ! 

2.62 

18.06 

! 

0.04 

1 

0.00 

I 

0.00 

DPL 

0.10 

-2.20  ! 

1.48 

7.54 

i 

0.04 

j 

0.00 

! 

0.00 

EXMPL  # 

j 

1 

10  ! 

35 

j 

1 

60 

85 

j 

1 

no 

1 

1 

135 

j 

1 

160 

DSH 

! 

0.01  ! 

0.03 

I 

0.47 

12.30 

! 

0.00 

1 

0.00 

! 

1 

0.00 

DPL 

! 

0.01  ! 

-1.76 

1 

0.31 

5.01 

! 

0.00 

1 

0.00 

I 

0.00 

! 


EXMPL  # 

DSH 

DPL 


11 

' 

36  ! 

61  ! 

86 

111  ! 

136 

j 

1 

161 

22.15 

15.77  ! 

6.63  ! 

0.94 

15.33  ! 

6.11 

1 

0.82 

5.93 

2.58  ! 

-0.92  ! 

-0.86 

6.79  ! 

6.11 

1 

0.82 

! 


EXMPL  # 

12 

37 

j 

1 

62 

DSH 

14.20 

18.90 

1 

7.68 

DPL 

11.13 

6.19 

! 

0.22 

87 

j 

1 

112  ! 
1 

137  ! 

162 

0.98 

1 

8.60  ! 

2.42  ! 

0.14 

-0.82 

! 

8.60  ! 

2.42  ! 

0.14 

! 
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EXMPL  it 


13 


38 


63 


88 


113 


138 


163 


DSH 

DPL 

3.14 

2.84 

6.74  ! 
5.63  ! 
! 

14.30  ! 
7.38  ! 

1.30 

-0.49 

1.29  ! 
1.29  ! 
! 

0.14  ! 
0.14  ! 

0.00 

0.00 

EXMPL 

# 

14 

39  ! 

64  ! 

89 

114  ! 

139  ! 

164 

DSH 

0.61 

1.81  ! 

10.38  ! 

2.20 

0.18  ! 

0.01  ! 

0.00 

DPL 

0.58 

1.65  ! 
1 

7.66  ! 

0.43 

0.18  ! 
1 

0.01  ! 
j 

0.00 

EXMPL 

# 

15  ! 

40  ! 

65  ! 

90 

115  ! 

140  ! 

165 

DSH 

0.06  ! 

0.28  ! 

3.33  ! 

4.70 

0.01  ! 

0.00  ! 

0.00 

DPL 

0.06  ! 

0.27  ! 
! 

2.88  ! 

2.97 

0.01  ! 
1 

0.00  ! 
1 

0.00 

EXMPL 

# 

16  ! 

41  ! 
1 

66  ! 

91 

116  ! 

141  ! 

166 

DSH 

20.62  ! 

13.75  ! 

4.95  ! 

0.61 

13.48  ! 

4.69  ! 

0.55 

DPL 

9.60  ! 
! 

4.84  ! 
1 

-0.01  ! 
! 

-0.54  ! 
! 

13.48  ! 
1 

4.69  ! 

I 

0.66 

EXMPL 

# 

17  ! 

42  ! 

67  ! 

92 

117  ! 

142  ! 

167 

DSH 

14.60  ! 

15.34  ! 

5.29  ! 

0.61  ! 

8.39  ! 

2.05  ! 

0.10 

DPL 

12.46  ! 

6.60  ! 
! 

0.33  ! 
! 

-0.54  ! 
! 

8.39  ! 
1 

2.05  ! 
! 

0.10 

EXMPL 

# 

18  ! 
1 

43  ! 

I 

68  ! 

93  ! 

118  ! 

143  ! 

168 

DSH 

4.46  ! 

9.69  ! 

7.79  ! 

0.63  ! 

1.75  ! 

0.16  ! 

0.00 

DPL 

4.23  ! 

3.65  ! 

2.97  ! 

-0.51  ! 

1.75  ! 

0.16  ! 

0.00 

170 


EXMPL 

# ! 

19  ! 

44 

69  ! 

94 

j 

119 

j 

144 

j 

169 

DSH 

1.17  ! 

3.51 

12.73  ! 

0.72 

1 

0.32 

1 

0.01 

1 

0.00 

DPL 

1.15  ! 

-1.13  * 

00 

-0.42 

1 

1 

0.32 

! 

! 

0.01 

1 

1 

0.00 

EXMPL 

# ! 

20  ! 

45 

70  ! 

95 

1 

120 

1 

146 

1 

170 

DSH 

0.17  ! 

0.78 

8.03  ! 

1.07 

! 

0.03 

j 

0.00 

! 

0.00 

DPL 

! 

0.17  ! 

-2.95 

6.82  ! 

j 

-0.07 

1 

j 

0.03 

j 

j 

0.00 

j 

! 

0.00 

EXMPL  # ! 

1 

21 

46  ! 
1 

71  ! 

96 

121  ! 
1 

146  ! 
1 

171 

DSH  ! 

18.90 

11.74  ! 

3.65  ! 

0.41 

11.68  ! 

3.62  ! 

0.38 

DPL  ! 

11.10 

6.48  ! 

0.23  ! 

-0.36 

11.68  ! 

3.62  ! 

0.38 

! ! 


EXMPL  # 

22 

47  ! 

t 

72  ! 

97  ! 
1 

122  ! 
1 

147 

! 

1 

172 

DSH 

14.32 

12.68  ! 

3.76  ! 

0.41  ! 

7.73  ! 

1.62 

1 

0.07 

DPL 

12.79 

6.37  ! 

0.33  ! 

-0.36  ! 

7.73  ! 

1.62 

! 

0.07 

!!!!!! 


EXMPL 

# 

1 

23 

j 

48  ! 

73 

DSH 

1 

5.63 

12.26  ! 

4.58 

DPL 

j 

1 

6.36 

7.28  ! 
! 

1.18 

EXMPL 

# 

! 

24 

49  ! 

74 

DSH 

! 

1.87 

6.64  ! 

6.63 

DPL 

1 

1.85 

1.93  ! 

3.21 

! 


98  ! 
1 

123  ! 

148 

j 

1 

173 

0.41  ! 

2.04  ! 

0.16 

1 

0.00 

-0.36  ! 

2.04  ! 

0.16 

1 

0.00 

99  ! 

124  ! 
1 

149 

1 

174 

0.41  ! 

0.48  ! 

0.01 

j 

0.00 

-0.36  ! 

0.48  ! 

0.01 

! 

0.00 

171 


EXMPL  # 

j 

1 

25  ! 
1 

50 

75 

DSH 

1 

0.38  ! 

1.72 

11.19 

DPL 

! 

1 

0.38  ! 

1 

-1.36 

8.03 

100 

j 

1 

125  ! 
1 

150  ! 
1 

175 

0.44 

! 

0.06  ! 

! 

0.00  ! 

0.00 

-0.33 

! 

0.06  ! 

0.00  ! 

0.00 

I 
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C.2  Percentage  Difference  Between  the  MEANS  of  the  MONTE 
CARLO  Simulation  and  the  DSH  and  PPL  Heuristics  for  the  10 
Queue  Model  11  Examples 


! EXMPL  # ! 

484  ! 

500  ! 

516  ! 

532  ! 

548  ! 

564  ! 

580 

j 

! DSH  ! 

1.74  ! 

0.42  ! 

1.63  ! 

4.53  ! 

0.23  ! 

1.70  ! 

2.02 

1 

! DPL  ! 

) 1 

1.74  ! 

-0.45  ! 
! 

1.00  ! 
1 

-0.54  ! 

-2.26  ! 
! 

-1.63  ! 

-1.14 

! 

! 

! EXMPL  # ! 

485  ! 

501  ! 

517  ! 

533  ! 

549  ! 

565  ! 

581 

! 

! DSH  ! 

1.97  ! 

0.78  ! 

1.96  ! 

4.74  ! 

0.15  ! 

2.00  ! 

2.12 

1 

! DPL  ! 

! ! 

1.97  ! 

0.62  ! 

1 

1.30  ! 
! 

-0.24  ! 

-2.60  ! 

j 

-1.43  ! 
! 

-1.34 

1 

j 

! EXMPL  # ! 

486  ! 

502  ! 

518  ! 

534  ! 

550  ! 

566  ! 

582 

1 

! DSH  ! 

3.22  ! 

1.27  ! 

2.75  ! 

6.95  ! 

0.56  ! 

1.90  ! 

2.29 

! 

! DPL  ! 

1 ! 

3.22  ! 

-0.02  ! 
1 

1.78  ! 

1.93  ! 

-2.8B  ! 

1 

-2.06  ! 

1 

-1.61 

! 

1 

! EXMPL  # ! 

487  ! 

503  ! 

519  ! 

535  ! 

551  ! 

567  ! 

583 

j 

! DSH  ! 

1.63  ! 

0.74  ! 

1.48  ! 

3.83  ! 

0.07  ! 

2.09  ! 

1.91 

1 

! DPL  ! 

! ! 

1.63  ! 

0.74  ! 
! 

0.81  ! 

-0.73  ! 

-1.79  ! 
! 

-1.27  ! 

-0.89 

1 

1 

! EXMPL  # ! 

488  ! 

504  ! 

520  ! 

536  ! 

552  ! 

568  ! 

584 

! 

! DSH  ! 

2.59  ! 

1.13  ! 

2.38  ! 

6.64  ! 

0.47  ! 

1.96  ! 

2.14 

! 

! DPL  ! 

1 ! 

2.59  ! 

-0.36  ! 
! 

1.39  ! 

1.26  ! 

-3.30  ! 

-2.28  ! 

-2.07 

1 

! 

! EXMPL  # ! 

489  ! 

505  ! 

521  ! 

537  ! 

553  ! 

569  ! 

585 

j 

! DSH  ! 

1.46  ! 

0.29  ! 

1.35  ! 

3.15  ! 

0.14  ! 

2.81  ! 

2.91 

1 

! DPL  ! 

1.46  ! 

0.29  ! 

1.08  ! 

-1.11  ! 

-1.50  ! 

-0.62  ! 

-0.43 

1 
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! EXMPL  # ! 

490  ! 

B06  ! 

B22  ! 

B38  ! 

BB4  ! 

570  ! 
\ 

B86 

1 

1 

! DSH  ! 

4.3B  ! 

1.76  ! 

4.14  ! 

8.06  ! 

1.10  ! 

2.17  ! 

2.18 

1 

! DPL  ! 

4.35  ! 

I 

1.76  ! 

2.66  ! 
! 

2.56  ! 

I 

-0.04  ! 

-2.72  ! 
1 

-6.81 

! 

1 

! EXMPL  # ! 

491  ! 

B07  ! 

B23  ! 

B39  ! 

BBB  ! 

571  ! 
1 

B87 

j 

1 

! DSH  ! 

2.68  ! 

0.63  ! 

2.47  ! 

B.62  ! 

0.43  ! 

1.93  ! 

2.00 

! 

! DPL  ! 

2.68  ! 
1 

O.BB  ! 

1.71  ! 
1 

0.27  ! 
1 

-2.25  ! 
! 

-2.26  ! 
! 

-2.43 

1 

1 

! EXMPL  # ! 

492  ! 

BOS  ! 

B24  ! 

B40  ! 

556  ! 
1 

572  ! 
1 

B88 

! 

1 

! DSH  ! 

2.39  ! 

0.78  ! 

2.20  ! 

B.B2  ! 

0.B3  ! 

2.39  ! 

2.B2 

1 

! DPL  ! 

1 ! 

2.39  ! 
! 

0.78  ! 

1.16  ! 

1.26  ! 
1 

-1.89  ! 
! 

-2.70  ! 
! 

-B.44 

I 

! 

! EXMPL  # ! 

493  ! 

B09  ! 

B2B  ! 

B41 

557  ! 

1 

B73  ! 

689 

! 

1 

! DSH  ! 

3.31  ! 

1.22  ! 

2.97  ! 

7.60  ! 

0.76  ! 

2.B1  ! 

2.72 

1 

! DPL  ! 

I 1 

3.31  ! 

-0.84  ! 

2.97  ! 

0.61 

-1.67  ! 
! 

-1.10  ! 

-1.90 

1 

! 

! EXMPL  # ! 

494  ! 

BIO  ! 

B26  ! 

B42 

558 

B74  ! 

B90 

! 

1 

! DSH  ! 

4.14  ! 

2.06  ! 

3.B8  ! 

8.30 

0.88 

1.96  ! 

2.41 

1 

! DPL  ! 

) ! 

4.14  ! 

0.87  ! 

3.B8  ! 

0.47 

-1.67 

-2.22  ! 

1 

-1.41 

! 

i 

! EXMPL  # ! 

49B  ! 

Bll  ! 

B27  ! 

B43 

BB9 

B7B  ! 

B91 

j 

! DSH  ! 

1.B4  ! 

0.B9  ! 

1.41  ! 

4.89 

0.14 

3.94  ! 

0.00 

! DPL  ! 

! } 

1.B4  ! 

-2.47  ! 

1.11  ! 

-1.10 

-4.56 

-1.90  ! 
! 

-0.62 
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! EXMPL  # ! 

496  ! 

512  ! 

528  ! 

544  ! 

560  ! 

1 

576  ! 
1 

592 

1 

1 

! DSH  ! 

4.07  ! 

1.52  ! 

3.47  ! 

7.77  ! 

0.97  ! 

2.15  ! 

2.36 

1 

! DPL  ! 

1 ! 

4.07  ! 
! 

0.31  ! 

1.42  ! 
1 

1.99  ! 
! 

-3.31  ! 

j 

-2.01  ! 

j 

-2.48 

! 

1 

! EXMPL  # ! 

497  ! 

513  ! 

529  ! 

545  ! 

561  ! 

577  ! 

593 

! 

1 

! DSH  ! 

1.89  ! 

0.75  ! 

2.00  ! 

4.71 

0.32  ! 

2.08  ! 

2.10 

1 

! DPL  ! 

j ! 

1.89  ! 
1 

-0.02  ! 

0.65  ! 

-0.47 

-1.87  ! 
1 

-1.19  ! 

-0.80 

1 

! 

! EXMPL  # ! 

498  ! 

514  ! 

530  ! 

546 

562  ! 
1 

578  ! 

594 

! 

1 

! DSH  ! 

1.88  ! 

0.53  ! 

1.55  ! 

4.01 

0.21  ! 

1.73  ! 

2.08 

! 

! DPL  ! 

! ! 

1.88  ! 
! 

0.25  ! 

0.32  ! 

0.66  ' 

-1.87  ! 
1 

-1.22  ! 

0 

CO 

1 

! 

1 

! EXMPL  # ! 

499  ! 

515  ! 

531  ! 

547 

563  ! 

579  ! 

595 

! 

1 

! DSH  ! 

2.49  ! 

0.76  ! 

2.30  ! 

4.87 

0.43  ! 

2.03  ! 

2.36 

1 

! DPL  ! 

1 j 

2.49  ! 
1 

0.76  ! 

2.30  ! 

-0.82 

-1.94  ! 

-1.05  ! 
! 

-0.04 

1 

! 
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C.3  Percentage  Difference  Between  the  MEANS  of  the  MONTE 
CARLO  Simulation  and  the  DSH  and  PPL  Heuristics  for  the  5 
Queue  Model  41  Examples 


! EXMPL  # 

372  ! 

388  ! 

404  ! 

420  ! 

436  ! 
1 

452  ! 
1 

468  ! 
1 

I DSH 

-0.04  ! 

0.06  ! 

0.02  ! 

0.28  ! 

0.09  ! 

-0.02  ! 

-0.03  ! 

! DPL 
! 

-0.04  ! 
! 

0.06  ! 
1 

0.02  ! 
! 

0.28  ! 
1 

0.09  ! 
1 

-0.02  ! 

j 

-0.03  I 
! 

! EXMPL  # 

373  ! 

389  ! 

405  ! 

421  ! 

437  ! 

453  ! 

1 

469  ! 
1 

! DSH 

0.06  ! 

0.35  ! 

-0.08  ! 

1.30  ! 

0.14 

-0.04  ! 

0.39  ! 

! DPL 
1 

0.06  ! 

-0.42  ! 

i 

-0.08  ! 
1 

1.28  ! 
! 

0.14  ! 
1 

-0.04  ! 

j 

-0.38  ! 
1 

! EXMPL  # 

374  ! 

390 

406  ! 

422  ! 

438 

454  ! 

470  ! 
1 

! DSH 

0.04 

-0.06 

-0.08  ! 

0.07  ! 

-0.02 

0.04  ! 

0.18  ! 

! DPL 

i 

0.04  ! 
1 

-0.06  ! 
! 

-0.08  ! 
! 

0.07  ! 
1 

-0.02 

0.04  ! 

0.18  ! 
1 

! EXMPL  # 

375 

391 

407  ! 

423  ! 

439 

455  ! 

471  ! 

1 

! 

! DSH 

-0.01 

0.17 

-0.01  ! 

0.13  ! 

0.07 

-0.04  ! 

0.04  ! 

! DPL 
1 

-0.01 

0.17 

-0.01  ! 

0.13  ! 

0.07 

-0.04  ! 
1 

0.04  ! 

I 

! EXMPL  # 

376 

392 

408  ! 

424  ! 

440 

456  ! 

472  ! 
1 

! DSH 

0.15 

0.19 

0.01  ! 

0.70  ! 

0.02 

0.00  ! 

0.26  ! 

! DPL 
! 

0.15 

0.19 

0.01  ! 
! 

0.70  ! 

0.02 

0.00  ! 
! 

0.26  ! 
! 

! EXMPL  # 

377 

393 

409  ! 

425  ! 

441 

457  ! 

473  ! 
1 

! DSH 

-0.01 

0.04 

-0.02  ! 

0.24  ! 

-0.03 

0.08  ! 

-0.04  ! 

! DPL 

-0.01 

0.04 

-0.02  ! 

0.24  ! 

-0.57 

0.08  ! 

-0.04  ! 
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EXMPL 

# ! 

378  ! 

394  ! 

410  ! 

426  ! 

442  ! 

458  ! 

474 

DSH 

-0.14  ! 

0.01  ! 

-0.03  ! 

0.46  ! 

-0.11  ! 

0.00  ! 

0.06 

DPL 

-0.14  ! 
1 

0.01  ! 
! 

-0.03  ! 
! 

0.46  ! 

-0.11  ! 
1 

0.00  ! 
! 

0.06 

EXMPL 

# ! 

379  ! 

395  ! 

411  ! 

427  ! 

443  ! 

459  ! 

475 

DSH 

-0.06  ! 

-0.03  ! 

0.06  ! 

0.11  ! 

0.00  ! 

-0.01  ! 

0.09 

DPL 

-0.06  ! 
! 

-0.03  ! 
! 

0.06  ! 
1 

0.11  ! 

0.00  ! 
1 

-0.01  ! 
! 

0.09 

EXMPL 

# ! 

380  ! 

396  ! 

412  ! 

428  ! 

444  ! 

460  ! 

476 

DSH 

0.04  ! 

0.00  ! 

-0.04  ! 

0.14  ! 

-0.06  ! 

-0.11  ! 

-0.02 

DPL 

0.04  ! 

0.00  ! 
! 

-0.04  ! 
! 

0.14  ! 

-0.06  ! 

-0.11  ! 

-0.02 

EXMPL 

# ! 

381  ! 

397  ! 

413  ! 

429  ! 

445  ! 

461  ! 

1 

477 

DSH 

0.02  ! 

0.23  ! 

0.03  ! 

0.50  ! 

-0.15  ! 

0.06  ! 

0.09 

DPL 

0.02  ! 

0.23  ! 

0.03  ! 

0.50  ! 

-0.27  ! 

0.06  ! 
! 

0.09 

EXMPL 

# ! 

382  ! 

398  ! 

414  ! 

430  ! 

446  ! 

462  ! 

478 

DSH 

0.07  ! 

0.26  ! 

0.15  ! 

1.21  ! 

-0.06  ! 

0.08  ! 

0.33 

DPL 

0.07  ! 

-0.40  ! 

0.15  ! 

1.21  ! 

-0.06  ! 

0.08  ! 

-1.46 

EXMPL 

# ! 

383  ! 

399  ! 

415  ! 

431  ! 

447  ! 

463  ! 

479 

DSH 

0.03  ! 

0.03  ! 

0.04  ! 

0.46  ! 

0.03  ! 

-0.03  ! 

0.10 

DPL 

0.03  ! 

0.03  ! 

0.04  ! 

0.46  ! 

0.03  ! 

-0.03  ! 

0.10 
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! EXMPL  # ! 

384  ! 

400  ! 

416  ! 

432  ! 

448  ! 

1 

464  ! 

1 

480 

! 

1 

! DSH  ! 

-0.04  ! 

0.12  ! 

-0.02  ! 

0.20  ! 

0.11  ! 

-0.10  ! 

-0.06 

j 

! DPL  ! 

j ! 

-0.04  ! 

0.12  ! 
1 

-0.02  ! 

1 

0.20  ! 
! 

0.11  ! 
1 

-0.10  ! 

j 

-0.06 

! 

! 

! EXMPL  # ! 

385  ! 

401 

417  ! 

433  ! 

449  ! 

465  ! 

481 

j 

\ 

! DSH  ! 

0.10  ! 

0.46  ! 

0.14  ! 

2.53  ! 

0.20  ! 

0.10  ! 

0.59 

1 

! DPL  ! 

) I 

0.10  ! 
1 

0.46  ! 
! 

0.14  ! 
! 

-0.81  ! 

1 

0.20  ! 
! 

0.10  ! 
1 

-1.26 

1 

j 

! EXMPL  # ! 

386  ! 

402 

418  ! 

434 

450  ! 

466  ! 

482 

1 

1 

! DSH  ! 

0.02  ! 

0.17 

-0.02  ! 

1.07  ! 

-0.08  ! 

0.04  ! 

0.21 

! 

! DPL  ! 

} ! 

0.02  ! 

0.17 

-0.02  ! 

1 

1.07  ! 
1 

-0.08  ! 

0.04  ! 

-0.49 

1 

! 

! EXMPL  # ! 

387  ! 

403 

419  ! 

435 

451  ! 

467  ! 

483 

! 

1 

! DSH  ! 

0.01  ! 

0.03 

0.03  ! 

0.55 

0.01  ! 

-0.11  ! 

0.06 

1 

! DPL  ! 

0.01  ! 

0.03 

0.03  ! 

0.55 

0.01  ! 

-0.11  ! 

0.06 

j 

! ! ! 
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C.4  Percentage  Difference  Between  the  STANDARD  DEVIATION  of 
the  EXACT  Analytic  Solution  and  the  DSH  and  PPL  Heuristics  for 
the  2 Queue  Model  1 Examples 


EXMPL 

# ! 

1 ! 

26 

51 

76 

101  ! 
1 

126  ! 
1 

151 

DSH 

! 

5.72  ! 

1.41 

-3.51 

-2.15 

5.20  ! 

4.45  ! 

3.03 

DPL 

-5.41  ! 
! 

-6.79 

-6.90 

1 

* -3.07 
! 

-3.55  ! 

I 

0.00  ! 

1 

2.15 

EXMPL 

# ! 

2 ! 

27 

52 

77 

102  ! 

127  ! 

1 

152 

DSH 

-1.06  ! 

-2.88 

-4.48 

-5.52 

0.64  ! 

2.69  ! 

2.44 

DPL 

-5.19  ! 
! 

-8.70 

i-13.39 

! 

! -6.47 
1 

-2.09  ! 
1 

1.71  ! 

1 

2.34 

EXMPL 

# ! 

3 ! 

28 

! 53 

! 78 

103  ! 
1 

128  ! 
1 

153 

DSH 

-0.80  ! 

-3.73 

1-14.46 

1-17.89 

0.89  ! 

2.01  ! 

1.34 

DPL 

-0.80  ! 

-3.73 

1-14.46 

1 

1-17.89 

! 

0.89  ! 
! 

2.01  ! 
! 

1.34 

EXMPL 

# ! 

4 ! 

29 

! 54 

! 79 

104  ! 

129  ! 

1 

154 

DSH 

-0.13  ! 

-2.02 

1-11.24 

1-33.90 

0.84  ! 

1.39  ! 

0.89 

DPL 

-0.13  ! 

-2.02 

1-11.24 

1-33.90 

0.84  ! 

1.39  ! 

0.89 

EXMPL 

# ! 

5 ! 

30 

! 55 

! 80 

105  ! 

130  ! 
1 

155 

DSH 

-0.01  ! 

-1.23 

! -7.67 

1-43.39 

0.62  ! 

0.97  ! 

0.62 

DPL 

-0.01  ! 

-1.23 

! -7.67 

1-43.39 

0.62  ! 

0.97  ! 

0.62 

EXMPL 

# ! 

6 ! 

31 

! 56 

! 81 

! 106  ! 
\ I 

131  ! 
1 

156 

DSH 

5.50  ! 

-0.19 

! -4.68 

! -1.77 

5.33  ! 

5.56  ! 

4.36 

DPL 

-2.07  ! 

-5.45 

! -6.60 

! -2.24 

1-10.30  ! 

-4.40  ! 

0.76 
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EXMPL 

# ! 

7 

32 

57 

82  ! 

107  ! 
1 

132  ! 
1 

157 

DSH 

DPL 

! 

1 

! 

-1.60 

-4.73 

-3.31 

'-10.18 

-7.96 

-9.94 

-3.14  ! 
-3.62  ! 
! 

0.71  ! 
6.26  ! 
! 

4.07  ! 
4.07  ! 
! 

3.76 

11.96 

EXMPL 

# ! 

8 

33 

! 58 

83  ! 

108  ! 

I 

133  ! 
1 

168 

DSH 

DPL 

-1.83 

-1.83 

-6.80 

-6.80 

! 

1-19.27 

1-19.27 

! 

-10.76  ! 
-11.27  ! 
! 

1.25  ! 

1.26  ! 
! 

3.43  ! 
3.43  ! 
! 

2.31 

2.31 

EXMPL 

# ! 

9 

! 34 

! 59 

84  ! 
1 

109  ! 

1 

134  ! 

169 

DSH 

DPL 

-0.40 

-0.40 

! -3.97 
! -3.97 
! 

1-19.31 

1-19.31 

! 

-21.63  ! 
-21.63  ! 
! 

1.46  ! 
1.46  ! 
! 

2.52  ! 
2.52  ! 

1.61 

1.61 

EXMPL 

# ! 

10 

! 36 

! 60 

85  ! 

1 

110  ! 
1 

136  ! 

160 

DSH 

DPL 

-0.04 

-0.04 

! -2.35 
! -2.35 
! 

1-14.25 

1-14.25 

! 

-39.65  ! 
-39.66  ! 
! 

1.14  ! 
1.14  ! 

1.80  ! 
1.80  ! 

1.15 

1.16 

EXMPL 

# ! 

11 

! 36 

! 61 

86  ! 

Ill 

136  ! 

161 

DSH 

DPL 

3.02 

-6.61 

! -3.63 
1-10.10 
1 

! -5.26 
! -7.47 
1 

-0.98  ! 
-1.17  ! 
! 

3.74  ! 
0.48 

6.97  ! 
12.00  ! 

6.14 

6.14 

EXMPL  # ! 

12 

37  ! 

1 { 

62  ! 

87  ! 
1 

112  ! 
1 

137 

j 

1 

162 

DSH  ! 

-2.71 

! -4.59 

-7.22  ! 

-1.09  ! 

0.32  ! 

6.24 

1 

6.63 

DPL  ! 

-4.53 

1-11.12 

-9.47  ! 

-1.28  ! 

0.32  ! 

6.24 

1 

5.63 

! ! ! ! ! 
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EXMPL 

# 

13 

38 

63 

88  ! 

113  ! 

1 

138  ! 
1 

163 

DSH 

DPL 

-4.63 

-4.63 

1-12.02 

1-12.02 

I-15.55 

1-17.97 

-2.09  ! 
-2.28  ! 
! 

1.33  ! 
1.33  ! 
! 

6.00  ! 
6.00  ! 
! 

4.08 

4.08 

EXMPL 

# 

14 

! 39 

64 

89  ! 

114  ! 

139  ! 
1 

164 

DSH 

DPL 

-1.75 

-1.75 

! -9.31 
! -9.31 
! 

1-25.28 

1-25.28 

! 

-4.50  ! 
-4.69  ! 
! 

2.48  ! 
2.48  ! 
! 

4.89  ! 
4.89  ! 
! 

3.13 

3.13 

EXMPL 

# 

15 

! 40 

! 65 

90  ! 

115  ! 
1 

140  ! 
1 

165 

DSH 

DPL 

-0.30 

-0.30 

! -6.52 
! -5.52 
! 

1-27.99 

1-27.99 

! 

1-10.48  ! 
1-10.69  ! 
! ! 

2.31  ! 
2.31  ! 
! 

3.76  ! 
3.75  ! 
! 

2.38 

2.38 

EXMPL 

# 

16 

! 41 

! 66 

! 91  ! 

116  ! 
1 

141  ! 

166 

DSH 

DPL 

1.06 

-5.59 

! -5.50 
! -9.85 
! 

! -4.83 
! -6.23 
! 

! -0.64  ! 
! -0.76  ! 
! ! 

2.51  ! 
6.38  ! 
! 

7.93  ! 
7.93  ! 

6.86 

6.86 

EXMPL 

# 

17 

! 42 

! 67 

! 92  ! 

117  ! 

142  ! 

167 

DSH 

DPL 

-3.58 

-4.87 

! -6.85 
1-11.26 
! 

! -5.81 
! -7.23 
! 

! -0.65  ! 
! -0.77  ! 

j ! 

-0.07  ! 
3.44  ! 

7.61  ! 
7.61  ! 

6.43 

6.43 

EXMPL 

# 

18 

! 43 

! 68 

! 93  ! 

118  ! 

143  ! 

168 

DSH 

DPL 

-6.53 

-6.53 

1-13.49 

1-13.49 

1-11.61 

1-13.10 

! -0.78  ! 
! -0.90  ! 

1.09  ! 
1.09  ! 

7.45  ! 
7.45  ! 

5.06 

6.05 

! ! ! ! 


181 


EXMPL  # 

19  ! 

44 

69  ! 

94  1 

119  ! 
1 

144  ! 
1 

169  ! 
1 

DSH 

-3.31  ! 

-13.28 

1-19.33  ! 

-1.19  1 

2.86  1 

6.39  1 

4.08  1 

DPL 

-3.31  ! 
! 

-13.28 

1-20.92  ! 

! t 

-1.31  ! 
! 

2.86  ! 
1 

6.39  ! 
1 

4.08  ! 
1 

EXMPL  # 

20 

45 

70  ! 

95  1 

120  1 

145  ! 
1 

170  ! 
1 

DSH 

-0.82 

-8.68 

1-29.98  ! 

-2.57  1 

3.07  1 

5.13  1 

3.25  ! 

DPL 

-0.82 

-8.68 

! -29.98  ! 
1 ! 

-2.69  ! 

1 

3.07  ! 

j 

5.13  ! 
1 

3,25  ! 

j 

EXMPL  # 

21 

46 

! 71 

96  1 

121  ! 
1 

146  ! 
1 

171  ! 
\ 

DSH 

-0.81 

-6.90 

! -4.09 

-0.43  1 

1.50  1 

8.93  1 

7.31  ! 

DPL 

-5.54  ! 

-9.93 

! -5.03  * 
1 

-0.51  ! 
1 

3.30  ! 
1 

8.93  1 
1 

7.31  1 
! 

EXMPL  # 

22 

47 

! 72 

97  1 

122  1 

147  1 

172  ! 
1 

DSH 

-4.51 

-8.17 

! -4.52 

-0.43  1 

-0.40  1 

8.67  1 

6.98  ! 

DPL 

-5.44 

-11.24 

! -5.46 
! 

-0.51  ! 
! 

-0.40  1 

8.67  1 

6.98  ! 
! 

EXMPL  # 

23 

48 

1 73 

98 

123  1 

148  1 

173  ! 
1 

DSH 

-8.12 

-13.18 

! -7.51 

-0.44 

0.80  1 

8.67  1 

5.81  ! 

DPL 

-8.12 

-13.18 

! -8.48 
1 

-0.52  ! 
! 

0.80  1 

8.67  1 

5.81  ! 
! 

EXMPL  # 

24 

49 

! 74 

99 

124  1 

149  ! 

174  ! 
1 

DSH 

-5.22 

-16.26 

1-13.09 

-0.47 

3.01  1 

7.72  ! 

4.92  ! 

DPL 

-5.22 

-16.26 

I-14.11 

1 

-0.55 

3.01  ! 

j 

7.72  ! 

4.92  ! 

j 
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EXMPL  # 

25 

! BO 

1 

! 75  ! 

1 1 

100  ! 
1 

125 

j 

1 

150 

j 

1 

175 

DSH 

-1.76 

1-12.60 

1-22.32  ! 

-0.63  ! 

3.71 

! 

6.45 

I 

4.08 

DPL 

-1.76 

1-12.60 

1-23.42  ! 

-0.71  ! 

3.71 

1 

6.45 

1 

4.08 

I I I ! I 
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C.5  Percentage  Difference  Between  the  STANDARD  DEVIATIONS  of 
the  MONTE  CARLO  Simulation  and  the  DSH  and  PPL  Heuristics 
for  the  10  Queue  Model  11  Examples 


1 EXMPL 

# 

484 

1 DSH 

-17.11 

1 DPL 

-17.11 

1 EXMPL 

# 

485 

1 DSH 

-14.80 

1 DPL 

-14.80 

532  ! 548  ! 


564 


500  ! 516  ! 

! ! ! ! 

-6.17  ! -7.62  I-38.31  ! -0.38  ! -4.32 

-6.04  ! -2.93  1-34.77  ! -0.20  ! -5.12 

I I I I 


580  ! 
! 

-7.68  ! 
-8.48  ! 
! 


501  ! 

I 


549  ! 


I 


517  ! 533  ! 

! ! 

-6.98  ! -9.95  1-33.87  ! -1.40  ! -6.09  ! 
-7.06  ! -5.37  1-31.59  ! -1.78  ! -6.98  ! 

I 


565  ! 581  ! 

! ! 
8.40  ! 
9.28  ! 


I 


I 


I 


I 


EXMPL  # 

DSH 

DPL 


486  ! 502  ! 518  ! 534  ! 

! ! ! ! 

-20.71  1-10.87  1-13.03  1-39.65  ! 

-20.71  1-11.54  ! -9.55  1-31.63  ! 

I I I I 


566 


550  ! 

! 

-3.01  ! -4.20 
-3.49  ! -5.10 

I 


582 

-9.51 

-10.42 


EXMPL  # ! 


DSH 

DPL 


487 


I 


1-14.18 

1-14.18 


503  ! 519  ! 535  ! 551  ! 567  ! 583 

! ! ! ! ! 

-2.25  1-11.75  1-31.57  ! -0.58  ! -5.66  ! -7.05 

-2.23  1-11.75  1-31.57  ! 0.15  ! -6.56  ! -7.93 


EXMPL  # ! 488 


DSH 

DPL 


1-19.16 

1-19.16 


504  ! 520  ! 536  ! 

! ! ! 

-11.25  ! -9.94  1-40.46  1 

-12.02  1 -5.94  1-38.19  1 


552  1 
! 

-3.22  1 
-3.74  1 


568 

-5.26 

-6.15 


584 

-9.82 

-10.72 


EXMPL  #1  489  1 505  1 521  1 537  1 553  1 569 

111111 
DSH  1-11.48  1 -4.31  1 -7.54  1-26.72  1 0.62  1 -8.64 

DPL  1-11.48  1 -3.33  1 -7.54  1-26.72  1 1.83  1 -9.77 


585 

-11.90 

-13.05 
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EXMPL  # ! 490  ! 506  ! 522  ! 538  ! 554  ! 570  ! 586 

!!!!!!! 

DSH  I-19.14  1-10.77  I-12.26  1-33.51  ! -6.63  ! -4.39  1-10.00 

DPL  1-19.14  ! -9.98  ! -9.91  1-30.28  ! -5.78  ! -5.93  1-11.50 

!!!!!!! 


! EXMPL  # ! 491  ! 507  ! 523  ! 539  ! 555  ! 571  ! 587  ! 

! !!!!!!!! 

! DSH  1-17.04  ! -7.39  1-12.67  1-35.30  1 -2.09  1 -4.94  1 -8.81  1 

1 DPL  1-17.04  1 -6.47  1 -8.62  1-31.09  1 -1.53  1 -5.81  1 -9.69  1 

1 11111111 


EXMPL  #1  492  1 508  1 524  1 540  1 556  1 572  1 588 

1111111 
DSH  1-16.66  1 -6.33  1-10.01  1-36.73  1 -1.83  1 -7.12  1 -9.56 

DPL  1-16.56  1 -5.85  1 -5.44  1-32.20  1 -1.81  1 -8.16  1-11.05 

1111111 


EXMPL  #1  493  1 509  1 625  1 541  1 557  1 673  1 689  1 

11111111 
DSH  1-19.45  1-10.81  1 -9.02  1-36.82  1 -4.24  1 -6.22  1-11.09  1 

DPL  1-19.45  1-11.87  1 -5.01  1-36.09  1 -5.38  1 -7.89  1-12.20  1 

11111111 


EXMPL  #1  494  1 510  1 526  1 642  1 558  1 574  1 590 

1111111 
DSH  1-21.58  1-14.40  1-10.31  1-35.56  1 -4.56  1 -4.13  1 -7.41 

DPL  1-21.68  1-14.23  1 -7.35  1-31.67  1 -4.19  1 -5.10  1 -8.39 

1111111 


EXMPL  #1  495  1 511  1 527 

1 1 1 

DSH  1-14.55  1 -6.51  1 -8.15 

DPL  1-14.66  1 -8.01  1 -8.15 

1 1 1 


543  1 659  1 575  1 591 

1 1 1 

-39.25  1 -0.15  1-14.88  1 4.66 

-38.46  1 -0.86  1-16.36  1 4.61 

I I I 
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EXMPL  # ! 496  ! 512  ! 528  ! 544  ! 560  ! 

!!!!!! 
DSH  1-20.68  I-12.11  I-14.43  1-36.36  ! -3.32  ! 

DPL  1-20.68  1-11.47  1-11.36  1-30.83  ! -2.88  ! 

!!!!!! 


EXMPL  # ! 497  ! 513  ! 529  ! 545  ! 561  ! 

I ! ! ! ! ! 

DSH  1-17.80  ! -6.19  1-10.05  1-34.24  ! -1.45  ! 

DPL  1-17.80  ! -5.85  ! -5.25  1-31.67  ! -1.67  ! 

!!!!!! 


576  ! 592 

! 

-3.50  ! -9.36 
-4.47  1-10.36 
! 


577 

593 

-4.26 

-11.39 

-5.19 

-12.34 

EXMPL 

# 

498  ! 

514  ! 

530 

! 546  ! 

) 1 

562  ! 

578  ! 

594 

DSH 

-14.70  ! 

-4.79  ! 

-9.64 

1-33.55 

-0.34 

-5.58  ! 

-8.66 

DPL 

-14.70  ! 
1 

-3.81  ! 
! 

-9.64 

i-30.50  ! 
1 ! 

-0.32  ! 
1 

-6.45  ! 

-9.52 

EXMPL 

# 

499  ! 

515 

531 

! 547 

563 

579  ! 

595 

DSH 

-15.24  ! 

-6.30 

-9.36 

1-32.32 

-0.90 

-4.42  ! 

-7.70 

DPL 

-15.24  ! 

-5.86  * 
1 

-5.01 

1-32.32 

! 

0.30  1 

-5.27  ! 

-8.56 
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C.6  Percentage  Difference  Between  the  STANDARD  DEVIATIONS  of 
the  MONTE  CARLO  Simulation  and  the  DSH  and  PPL  Heuristics 
for  the  5 Queue  Model  41  Examples 


! EXMPL  # ! 

372 

388  ! 

404 

420  ! 

436  ! 

452 

468 

! 

1 

! DSH  ! 

1.74 

-7.23  ! 

5.28 

1-11.15  ! 

3.97  ! 

2.27 

-8.75 

1 

! DPL  ! 

) ! 

1.74 

! -7.23  ! 

j ! 

5.28 

i-11.15  ! 
1 ! 

3.97  ! 
1 

2.27 

! -8.75 

i 

1 

! EXMPL  # 

373 

! 389  ! 

405 

! 421  ! 

437  ! 

453 

469 

1 

1 

! DSH 

-1.38 

1-12.80  ! 

5.73 

1-20.70  ! 

5.76  ! 

2.96 

1-13.40 

! 

! DPL  ! 

1 ! 

-1.38 

1-12.80  ! 
j 1 

5.73 

1-20.70  ! 
! ! 

5.76  ! 
1 

2.96 

1-13.40 

1 

! 

j 

! EXMPL  # 

374 

! 390  ! 

406 

! 422  ! 

438  ! 

454 

! 470 

! 

1 

! DSH 

1.84 

! -5.16  ! 

2.85 

! -9.46  ! 

4.94  ! 

3.02 

! -7.40 

! 

! DPL 
! 

1.84 

! -5.16  ! 

j 1 

2.85 

! -9.46  ! 

j I 

4.94  ! 
1 

3.02 

! “7.40 
! 

! 

1 

! EXMPL  # 

375 

! 391  ! 

407 

! 423  ! 

439  ! 

455 

! 471 

! 

1 

! DSH 

0.85 

! -4.34  ! 

6.65 

1-10.47  ! 

3.83  ! 

2.51 

! -5.71 

j 

! DPL 

0.85 

! -4.34  ! 

6.65 

1-10.47  ! 

3.83  ! 

2.51 

! -5.71 

1 

! EXMPL  # 

376 

! 392  ! 

408 

! 424  ! 

440  ! 

1 

456 

! 472 

1 

! 

1 

! DSH 

-1.34 

! -9.34  ! 

6.69 

1-17.82  ! 

5.56  ! 

2.85 

! -9.69 

1 

! DPL 

-1.34 

! -9.34  ! 

6.69 

1-17.82  ! 

5.56  ! 

2.85 

! -9.69 

! 

! EXMPL  # 

377 

! 393  ! 

409 

! 425  ! 

441  ! 

457 

! 473 

! 

\ 

! DSH 

1.70 

! -7.42  ! 

3.42 

! -8.29  ! 

4.76  ! 

3.12 

! -5.98 

I 

! DPL 

1.70 

! -7.42  ! 

3.42 

! -8.29  ! 

4.76  ! 

3.12 

! -5.98 

j 

187 


EXMPL 

# ! 

378 

394  ! 

410  ! 

426  ! 

442  ! 

458  ! 

474 

DSH 

DPL 

! 

1 

1 

1.22 

1.22 

-7.82  ! 
-7.82  ! 
! 

5.74 
5.74  ! 

-16.09  ! 
-13.06  ! 

4.55  ! 
4.55  ! 
! 

2.46  ! 
2.46  ! 
! 

-9.47 

-8.95 

EXMPL 

# ! 

379 

395  ! 

411 

427  ! 

443  ! 

459 

475 

DSH 

DPL 

! 

! 

I 

-1.21 

-1.21 

-5.78  ! 
-5.78  ! 
! 

5.14 

5.14 

-9.50  ! 
-6.42  ! 

3.72  ! 
3.72  ! 
! 

2.12 

2.12 

-7.91 

-7.20 

EXMPL 

# ! 

380 

396  ! 

412 

428  ! 

444  ! 
1 

460 

476 

DSH 

DPL 

1.84 

1.84 

-3.75  ! 
-3.75  ! 
! 

6.82 

6.82 

-7.52  ! 
-7.52  ! 

5.18  ! 
5.18  ! 
! 

2.96 

2.96 

-6.05 

-6.05 

EXMPL 

# ! 

381 

397  ! 

413 

429  ! 

445  ! 

461 

477 

DSH 

DPL 

0.59 

0.59 

-10.58  ! 
-10.58  ! 
! 

7.74 

7.74 

-13.87  ! 
-13.87  ! 

2.54  ! 
2.54  ! 
! 

1.62 

1.62 

-9.41 

-9.41 

EXMPL 

# ! 

382 

398  ! 

414 

430  ! 

446  ! 

462 

478 

DSH 

DPL 

0.19 

0.19 

-13.59  ! 
-13.59  ! 
! 

5.40 

5.40 

-23.88  ! 
-19.87  ! 
! 

4.47  ! 
4.47  ! 
! 

2.06 

2.06 

-11.87 

-10.83 

EXMPL 

# ! 

383 

399  ! 

415 

431  ! 

447  ! 
1 

463 

479 

DSH 

DPL 

2.05 

2.05 

-9.00  ! 
-9.00  ! 
! 

5.31 

5.31 

-13.72  ! 
-9.16  ! 

5.42  ! 
5.42  ! 
! 

0.49 

0.49 

-7.82 

-6.00 

188 


EXMPL 

# ! 

384 

400  ! 

416 

432  ! 

448  ! 

464 

480 

DSH 

1 

1.63 

-3.59  ! 

7.13 

-6.22  ! 

3.33  ! 

2.93 

-5.26 

DPL 

1 

1 

1.63 

-3.59  ! 

1 

7.13 

-6.22  ! 
1 

3.33  ! 
! 

2.93 

-5.26 

EXMPL 

# ! 

385 

401  ! 

417 

433  ! 

449  ! 

465 

481 

DSH 

! 

-1.47 

-15.17  ! 

5.72 

-17.67  ! 

4.45  ! 

1.30 

-17.53 

DPL 

j 

-1.47 

-15.17  ! 

5.72 

-19.38  ! 

4.45  ! 

1.30 

-16.91 

1 I I 


EXMPL  # ! 

386 

! 402  ! 

1 1 

418 

! 434 

1 

1 

1 

450  ! 

t 

466 

482 

DSH  ! 

-1.72 

1-11.60  ! 

6.26 

1-17.32 

! 

4.90  ! 

1.00 

-11.75 

DPL  ! 

-1.72 

1-11.60  ! 

6.26 

1-17.32 

! 

4.90  ! 

1.00 

-11.76 

EXMPL  # ! 

1 

387 

1 

403  ! 
1 

419 

! 435 

1 

j 

1 

451  ! 
1 

467  ! 

483 

DSH  ! 

0.54  ! 

-8.94  ! 

6.88 

1 

CO 

CO 

1 

5.48  ! 

2.40  ! 

-7.25 

DPL  ! 

0.54 

-8.94  ! 

6.88 

1-13.36 

1 

5.48  ! 

2.40  ! 

-7.26 

! ! ! 


APPENDIX  D 


PERCENTAGE  DIFFERENCES  OF  SELECTED 
EXAMPLES  FOR  DISASSEMBLY-REASSEMBLY 


D.l  Percentage  Difference  Between  the  MEANS  of  the  MONTE  CARLO 
Simulation  and  the  DSH,  PPL,  DSHSM  and  DPLSM  Heuristics  for 
the  4 Queue  Model  25  Examples 


EXMPL  # 

1 

29 

j 

1 

57 

DSH 

22.13 

12.26 

1 

18.83 

DPL 

-3.83 

-23.09 

1 

-1.79 

DSHSM 

14.02 

4.94 

! 

9.32 

DPLSM 

-15.99 

-34.06 

! 

-14.12 

! I ! 


85 

113 

141 

j 

1 

169 

18.49 

20.10 

15.15 

! 

21.60 

-5.20 

-2.69 

-23.43 

j 

-2.36 

10.65 

11.36 

8.08 

1 

12.84 

-16.52 

-14.02 

-33.64 

1 

-15.49 

! ! I 


EXMPL 

# 

2 

30 

! 

1 

58 

86 

! 114 

142 

! 

170 

DSH 

19.31 

5.55 

! 

14.86 

12.58 

! 15.71 

11.75 

! 

19.37 

DPL 

1.30 

-6.03 

1 

7.80 

-2.94 

! 7.17 

-10.70 

! 

2.56 

DSHSM 

15.71 

2.18 

I 

9.21 

9.27 

! 10.27 

8.60 

1 

15.67 

DPLSM 

-6.13 

-12.99 

! 

! 

1.56 

-9.45 

! 1.17 

! 

-16.90 

1 

1 

-5.08 

EXMPL 

# 

3 

31 

! 

59 

87 

! 115 

143 

171 

DSH 

12.20 

-0.99 

j 

10.82 

12.09 

! 12.43 

-0.53 

10.51 

DPL 

-1.12 

-1.12 

! 

0.69 

-1.25 

! -0.87 

-0.53 

0.34 

DSHSM 

3.14 

-9.33 

I 

1.27 

3.17 

! 3.32 

-8.69 

1.00 

DPLSM 

-10.18 

-9.45 

! 

! 

-8.85 

-10.17 

! -9.97 
! 

-8.69 

-9.16 

EXMPL 

# 

4 

32 

! 

60 

88 

! 116 

144 

172 

DSH 

0.30 

0.19 

! 

0.68 

0.09 

! 0.17 

-0.07 

0.25 

DPL 

-6.82 

-5.51 

I 

-5.62 

-6.25 

! -4.90 

-5.16 

-8.65 

DSHSM 

-4.15 

-3.38 

! 

-5.14 

-4.37 

! -4.51 

-3.65 

-5.31 

DPLSM 

-13.50 

-10.86 

! - 
! 

13.17 

-12.70 

1-10.97 

! 

-10.32 

-17.00 

190 


191 


EXMPL 

# 

5 

33  ! 

61 

89  ! 

117 

145 

173 

j 

1 

DSH 

10.00 

-4.99  ! 

8.60 

10.32  ! 

9.82 

-4.49 

8.94 

1 

DPL 

1.31 

-4.99  ! 

2.07 

-2.99  ! 

1.11 

-4.49 

2.43 

1 

DSHSM 

4.09 

1-10.51  ! 

1.89 

5.18  ! 

3.32 

-9.28 

2.85 

! 

DPLSM 

-4.60 

!-10,51  ! 

! t 

-4.64 

-8.13  ! 
! 

-5.39 

-9.28 

-3.66 

i 

1 

1 

EXMPL 

# 

6 

! 34  ! 

62 

90  ! 

118 

146 

\ 

174 

! 

1 

! 

DSH 

1.29 

! 0.26  ! 

4.31 

2.55  ! 

0.77 

0.27 

6.14 

j 

! 

DPL 

-8.25 

! -7.45  ! 

2.04 

-6.23  ! 

-1.11 

-6.73 

-6.19 

! 

DSHSM 

-1.52 

! -2.01  ! 

-0.59 

-0.22 

-3.30 

-2.00 

2.81 

1 

DPLSM 

-14.03 

1-12.13  ! 
1 ! 

-3.38 

1-11.67  ! 
! ) 

-5.60 

!-11.18 

! 

1-12.07 

! 

1 

I 

EXMPL 

# 

7 

! 35  ! 

63 

91 

119 

! 147 

! 175 

1 

1 

1 

DSH 

0.13 

! -0.27  ! 

2.91 

0.75  ! 

0.52 

! 0.04 

3.19 

1 

DPL 

0.13 

! -0.27  ! 

2.91 

! 0.76  ' 

0.52 

! 0.04 

! 3.19 

! 

DSHSM 

-6.43 

! -5.53  ! 

-6.12 

! -5.65 

-6.06 

! -5.12 

! -4.76 

1 

DPLSM 

-6.43 

! -B.53  ! 
{ ! 

-5.12 

! -5.65 
! 

-6.06 

! -5.12 
! 

! -4.76 
! 

1 

! 

EXMPL 

# 

8 

! 36  ! 

64 

! 92 

120 

! 148 

! 176 

1 

j 

1 

DSH 

0.54 

! 0.38  ! 

6.24 

! 1.18 

0.46 

! 0.16 

! 6.37 

! 

1 

DPL 

0.54 

! 0.38  ! 

6.24 

! 1.18 

0.46 

! 0.15 

! 6.37 

! 

! 

DSHSM 

-4.25 

! -3.46  ! 

0.05 

! -2.97 

-4.80 

! -3.21 

! 0.73 

i 

1 

j 

DPLSM 

-4.25 

! -3.46  ! 

! I 

0.05 

! -2.97 
! 

-4.80 

! -3.21 
1 

! 0.73 

! 

1 

1 

192 


EXMPL  # 

DSH 

DPL 

DSHSM 

DPLSM 


! EXMPL  # ! 
! ! 
! DSH  ! 

! DPL  ! 

! DSHSM  ! 

! DPLSM  ! 


9 

! 37  ! 

65  ! 

93  ! 

121 

! 149  ! 

177 

17.64 

! 2.18  ! 

12.61  ! 

10.19  ! 

13.26 

! 9.77  ! 

17.52 

4.77 

! -6.14  ! 

9.44  ! 

-0.78  ! 

8.92 

! 2.80  ! 

5.58 

IB.  07 

! -0.27  ! 

8.06  ! 

7.85  ! 

8.83 

! 7.51  ! 

14.89 

-0.53 

1-11.18  ! 
) 1 

4.89  ! 

j 

-5.37  ! 

1 

4.49 

! -1.63  ! 
! ! 

' 0.16 

! 

10 

! 38  ! 

66  ! 

94  ! 

122 

! 150  ! 

! 178 

10.37 

! -4.27  ! 

9.53  ! 

10.35  ! 

10.18 

! -3.29  ! 

! 9.38 

0.85 

! -4.27  ! 

2.40  ! 

! 0.83  ! 

0.63 

! -3.29  ! 

! 2.24 

2.15 

1-11.92  ! 

1.03  ! 

! 2.23  ! 

1.91 

1-10.78  ! 

! 0.91 

-7.37 

1-11.92  ! 

-6.10  ! 

! -7.30  ! 

! -7.63 

1-10.78  ! 

! -6.23 

!!!!!!! 


EXMPL  # ! 

1 

11 

1 

39  ! 

1 

67 

1 

95 

1 

123  ! 

1 

151 

179 

1 

DSH  ! 

-0.23 

-0.26 

0.16  ! 

0.33 

0.63 

0.48 

! -0.09 

DPL  ! 

-5.24 

-4.27 

-4.28 

-4.10 

-2.90 

-3.06 

! -6.34 

DSHSM  ! 

-3.37 

-2.77 

-3.94 

-2.78 

-2.63 

-2.01 

! -4.00 

DPLSM  ! 

-9.94 

-8.03 

-9.59 

-8.60 

-7.13 

-6.65 

1-12.21 

I !!!!!!! 


EXMPL  # ! 

1 

12 

! 40  ! 

1 1 

68 

1 

96  ! 
\ 

124 

! 152  ! 

1 1 

180 

DSH  ! 

7.90 

! -8.55  ! 

7.21 

7.79  ! 

7.77 

! -8.16  ! 

7.45 

DPL  ! 

2.14 

! -8.55  ! 

2.94  ! 

-1.07  ! 

2.01 

! -8.16  ! 

3.20 

DSHSM  ! 

2.93 

1-13.24  ! 

1.68 

3.49  ! 

2.34 

1-12.19  ! 

2.41 

DPLSM  ! 

-2.83 

1-13.24  ! 

-2.59 

-5.37  ! 

-3.42 

1-12.19  ! 

1 

CO 

cn 

! ! ! ! ! 


193 


1 

EXMPL 

# ! 

13  ! 

41  ! 

69  ! 

97  ! 

125  ! 

153  ! 

1 

181 

! 

1 

j 

DSH 

i 

0.31  ! 

-0.04  ! 

1.52  ! 

0.86  ! 

-0.21  ! 

0.06  ! 

2.48 

1 

! 

DPL 

1 

-5.92  ! 

-5.04  ! 

1.52  ! 

-4.77  ! 

-0.21  ! 

-4.48  ! 

-5.14 

! 

1 

DSHSM 

1 

-1.53  ! 

-1.51  ! 

-2.18  ! 

-0.97  ! 

-3.22  ! 

-1.41  ! 

0.23 

1 

I 

! 

DPLSM 

! 

1 

-9.70  ! 
1 

-8.08  ! 

j 

-2.18  ! 
! 

-8.35  ! 
1 

-3.22  ! 
! 

-7.37  ! 
1 

-9.77 

1 

1 

EXMPL 

# ! 

14 

42  ! 

70 

98 

126  ! 

154  ! 

182 

I 

1 

DSH 

0.29  ! 

0.18  ! 

0.75 

0.33 

0.03  ! 

0.00  ! 

1.19 

1 

DPL 

0.29 

0.18  ! 

0.75 

0.33 

0.03  ! 

0.00  ! 

1.19 

! 

DSHSM 

-6.09 

-4.12  ! 

-6.97 

-4.99 

-5.39  ! 

-4.26  ! 

-6.47 

1 

DPLSM 

-5.09  ! 

1 

-4.12  ! 
! 

-5.97 

-4.99  ! 

1 

-5.39  ! 

-4.26  ! 

-5.47 

1 

i 

EXMPL 

# ! 

15 

43  ! 

71 

99 

127  ! 

156  ! 

183 

j 

1 

DSH 

0.98 

-0.40  ! 

8.33 

0.95 

0.95  ! 

-0.33  ! 

8.42 

! 

DPL 

0.98 

-0.40  ! 

7.23 

0.76 

0.95  ! 

-0.49  ! 

7.32 

1 

DSHSM 

-2.99 

-3.62  ! 

3.06 

-2.11 

-3.61  ! 

-2.81  ! 

3.82 

j 

DPLSM 

-2.99 

-3.62  ! 
! 

1.97 

-2.34 

-3.61  ! 
! 

-3.00  ! 

2.73 

! 

! 

EXMPL 

# 

16 

44  ! 

72 

100 

128  ! 

156  ! 

184 

1 

1 

1 

DSH 

1.00 

0.01  ! 

8.02 

0.95 

0.74  ! 

-0.22  ! 

8.18 

1 

1 

DPL 

1.00 

0.01  ! 

6.92 

0.96 

0.74  ! 

-0.22  ! 

7.09 

1 

1 

DSHSM 

-4.04 

-4.06  ! 

1.81 

-3.71 

-4.63  ! 

-3.99  ! 

2.34 

! 

1 

j 

DPLSM 

-4.04 

-4.06  ! 

0.71 

-3.71 

-4.63  ! 

-3.99  ! 

1.24 

! 

i 

194 


j 

EXMPL 

# ! 

17  ! 

45  ! 

73  ! 

101  ! 

129  ! 

157  ! 
1 

185 

1 

1 

1 

DSH 

0.26  ! 

0.27  ! 

0.88  ! 

-0.07  ! 

0.29  ! 

0.07  ! 

1.60 

1 

DPL 

0.26  ! 

0.27  ! 

0.88  ! 

-0.07  ! 

0.29  ! 

0.07  ! 

1.60 

1 

j 

DSHSM 

-3.74  ! 

-2.93  ! 

-4.57  ! 

-3.58  ! 

-4.10  ! 

-2.73  ! 

-3.34 

1 

! 

1 

DPLSM 

-3.74  ! 
! 

-2.93  ! 

-4.57  ! 

-3.58  ! 

-4.10  ! 
! 

-2.73  ! 
! 

-3.34 

1 

! 

! 

EXMPL 

# ! 

18 

46  ! 

74  ! 

102  ! 

130  ! 

158  ! 

186 

! 

1 

I 

DSH 

1.07 

-0.15  ! 

10.10  ! 

1.07  ! 

0.98  ! 

-0.44  ! 

9.46 

j 

DPL 

1.07 

-0.15  ! 

5.97  ! 

1.07  ! 

0.98  ! 

-0.44  ! 

5.30 

! 

1 

DSHSM 

-3.25 

-3.65  ! 

4.74  ! 

-2.67  ! 

-3.74  ! 

-3.47  ! 

4.52 

1 

DPLSM 

-3.25 

-3.65  ! 

0.61  ! 

-2.67  ! 

-3.74  ! 

-3.47  ! 
! 

0.36 

j 

! 

! 

EXMPL 

# ! 

19 

47  ! 

75  ! 

103  ! 

131  ! 

159  ! 

187 

1 

1 

DSH 

0.17 

-0.20  ! 

1.95  ! 

0.18  ! 

0.08  ! 

-0.06  ! 

2.41 

1 

DPL 

0.17 

-0.20  ! 

1.95  ! 

0.02  ! 

0.08  ! 

-0.19  ! 

2.41 

! 

DSHSM 

-3.26 

-2.96  ! 

-2.88  ! 

-2.46  ! 

-3.86  ! 

-2.18  ! 

-1.79 

! 

DPLSM 

-3.26 

-2.96  ! 

-2.88  ! 

-2.66  ! 

-3.86  ! 

-2.34  ! 

-1.79 

1 

1 

EXMPL 

# ! 

20 

48  ! 

76  ! 

104  ! 

132  ! 

160  ! 

188 

1 

1 

DSH 

0.20 

-0.14  ! 

2.26  ! 

0.00  ! 

0.66  ! 

-0.11  ! 

2.37 

j 

! 

DPL 

0.20 

-0.14  ! 

2.26  ! 

0.00  ! 

0.66  ! 

-0.11  ! 

2.37 

1 

DSHSM 

-4.16 

-3.64  ! 

-3.40  ! 

-4.03  ! 

-3.94  ! 

-3.34  ! 

-2.96 

! 

DPLSM 

-4.16 

-3.64  ! 

-3.40  ! 

-4.03  ! 

-3.94  ! 

-3.34  ! 

-2.96 

! 

j 


195 


! 

EXMPL 

# ! 

21  ! 

49  ! 

77  ! 

105  ! 

1 

133  ! 
1 

161  ! 

189 

1 

1 

1 

DSH 

! 

-0.03  ! 

0.05  ! 

3.23  ! 

-0.11  ! 

0.02  ! 

-0.19  ! 

3.50 

1 

! 

DPL 

! 

-0.03  ! 

0.05  ! 

3.23  ! 

-0.11  ! 

0.02  ! 

-0.19  ! 

3.50 

1 

t 

DSHSM 

! 

-3. SB  ! 

-3.00  ! 

-1.82  ! 

-3.42  ! 

-4.16  ! 

-2.83  ! 

-1.10 

1 

DPLSM 

1 

! 

-3.85  ! 
! 

-3.00  ! 
! 

-1.82  ! 
! 

-3.42  ! 
1 

-4.16  ! 
1 

-2.83  ! 
1 

-1.10 

! 

1 

EXMPL 

# ! 

22  ! 

50  ! 

78  ! 

106  ! 

134 

162  ! 

190 

1 

1 

DSH 

0.61 

0.03  ! 

4.31  ! 

0.23  ! 

0.46  ! 

-0.18  ! 

4.20 

! 

DPL 

0.61 

0.03 

4.31  ! 

0.23  ! 

0.46 

-0.18  ! 

4.20 

j 

DSHSM 

-3.45 

-3.23 

-1.06  ! 

-3.26 

-4.01 

-2.99  ! 

-0.68 

! 

DPLSM 

-3.45  ! 
1 

-3.23  ! 
1 

-1.06  ! 

-3.26  ! 

1 

-4.01  1 

-2.99  ! 

-0.68 

1 

! 

EXMPL 

# ! 

23 

51 

79  ! 

107 

135 

163  ! 

191 

1 

1 

DSH 

0.08 

-0.01 

2.77  ! 

-0.01 

0.45 

0.02  ! 

2.92 

j 

DPL 

0.08 

-0.01 

2.77  ! 

-0.01 

0.45 

0.02  ! 

2.92 

j 

DSHSM 

-3.90 

-3.20 

-2.50  ! 

-3.51 

-3.87 

-2.77  ! 

-1.91 

1 

! 

1 

DPLSM 

-3.90 

-3.20 

-2.50  ! 

1 

-3.51 

-3.87 

-2.77  ! 
! 

-1.91 

j 

1 

j 

EXMPL 

# 

24 

52 

80 

108 

136 

164 

192 

I 

\ 

! 

DSH 

0.29 

0.07 

2.86 

0.05 

0.16 

0.30 

3.14 

! 

1 

DPL 

0.29 

0.07 

2.86 

0.05 

0.16 

0.30 

3.14 

! 

j 

DSHSM 

-3.42 

-2.91 

-2.14 

-3.09 

-3.95 

-2.21 

-1.37 

j 

j 

1 

DPLSM 

-3.42 

-2.91 

-2.14 

-3.09 

-3.95 

-2.21 

-1.37 

i 

! 

196 


! EXMPL  # ! 

25  ! 

53  ! 

81  ! 

109  ! 

137  ! 
1 

165  ! 
1 

193  ! 
1 

! DSH  ! 

0.11  ! 

0.22  ! 

4.99  ! 

0.27  ! 

0.38  ! 

-0.11  ! 

5.23  ! 

! DPL  ! 

0.11  ! 

0.22  ! 

4.99  ! 

0.27  ! 

0.38  ! 

-0.11  ! 

5.08  ! 

! DSHSM  ! 

-3.87  ! 

-2.97  ! 

-0.18  ! 

-3.16  ! 

-3.96  ! 

-2.86  ! 

0.60  ! 

! DPLSM  ! 

1 ! 

-3.87  ! 
! 

-2.97  ! 
1 

-0.18  ! 
! 

-3.16  ! 

-3.96  ! 

j 

-2.86  ! 

j 

0.36  ! 
1 

! EXMPL  # ! 

26  ! 

54  ! 

82  ! 

110  ! 

138  ! 

t 

166  ! 
1 

194  ! 
1 

! DSH  ! 

0.18 

-0.09  ! 

2.52  ! 

0.30  ! 

0.26  ! 

0.02  ! 

2.74  ! 

! DPL  ! 

0.18 

-0.09  ! 

2.52  ! 

0.30  ! 

0.26  ! 

0.02  ! 

2.74  ! 

! DSHSM  ! 

-3.71 

-3.21  ! 

-2.70 

-3.02  ! 

-4.02  ! 

-2.66  ! 

-1.99  ! 

! DPLSM  ! 

! ! 

-3.71  ! 
1 

-3.21  ! 

-2.70  ! 
! 

-3.02  ! 
1 

-4.02  ! 
! 

-2.65  ! 
1 

-1.99  ! 
! 

! EXMPL  # ! 

27 

55 

83 

111 

139  ! 

167  ! 

195  ! 
1 

! DSH  ! 

0.32 

-0.13 

4.48 

0.42 

0.35  ! 

0.08  ! 

4.80  ! 

! DPL  ! 

0.32 

-0.13 

4.48 

0.42 

0.35  ! 

0.08  ! 

4.80  ! 

! DSHSM  ! 

-3.83 

-3.47 

-0.94 

-3.21 

-4.17  ! 

-2.84  ! 

-0.16  ! 

! DPLSM  ! 

1 ! 

-3.83 

-3.47 

-0.94 

-3.21 

-4.17  ! 
1 

-2.84  ! 

-0.16  ! 
1 

! EXMPL  # 

28 

56 

84 

112 

140  ! 

168  ! 

196  ! 
1 

! DSH 

-0.04 

-0.18 

4.59 

0.24 

0.36  ! 

-0.13  ! 

4.66  ! 

! DPL 

-0.04 

-0.18 

4.59 

0.24 

0.35  ! 

-0.13  ! 

4.66  ! 

! DSHSM 

-3.94 

-3.30 

-0.54 

-3.03 

-3.94  ! 

-2.76  ! 

0.02  ! 

! DPLSM 
1 

-3.94 

-3.30 

-0.54 

-3.03 

-3.94  ! 
! 

-2.76  ! 

0.02  ! 
1 

197 


D.2  Percentage  Difference  Between  the  MEANS  of  the  MONTE  CARLO 
Simulation  and  the  DSH,  PPL,  DSHSM  and  DPLSM  Heuristics  for 
the  8 Queue  Model  45  Examples 


EXMPL  # ! 

197  ! 

213  ! 

229  ! 

245  ! 

261  ! 
1 

277  ! 
1 

293  ! 

1 

DSH  ! 

-0.05  ! 

-0.02  ! 

-0.01  ! 

0.35  ! 

-0.05  ! 

0.02  ! 

0.05  ! 

DPL  ! 

-0.05  ! 

-0.02  ! 

-0.01  ! 

0.35 

-0.05  ! 

0.02  ! 

0.05  ! 

DSHSM  ! 

-2.00  ! 

-2.07  ! 

-1.85  ! 

-1.90 

-1.73  ! 

-1.75  ! 

-2.07  ! 

DPLSM  ! 

-2.00  ! 
1 

-2.07  ! 
! 

-1.85  ! 

i 

-1.90  ! 
! 

-1.73  ! 
! 

-1.75  ! 
! 

-2.07  ! 
! 

! EXMPL  # ! 

198  ! 

214  ! 

230  ! 

246 

262  ! 

278  ! 

294  1 
1 

! DSH  ! 

0.08  ! 

0.27  ! 

0.03  ! 

1.70 

-0.04  ! 

-0.03  ! 

0.42  ! 

! DPL  ! 

0.08  ! 

-0.50  ! 

0.03  ! 

1.68 

-0.04  ! 

-0.03  ! 

-0.34  ! 

! DSHSM  ! 

-2.02  ! 

-1.92  ! 

-1.96  ! 

-0.71 

-1.85  ! 

-1.93  ! 

-1.85  ! 

! DPLSM  ! 

-2.02  ! 

-2.69  ! 

-1.96  ! 

-0.73 

-1.85  ! 

j 

-1.93  ! 

-2.61  ! 
1 

! EXMPL  # ! 

199  ! 

215  ! 

231  ! 

247 

263  ! 

1 

279  ! 

295  ! 

! DSH  ! 

0.01  ! 

0.07  ! 

0.00  ! 

0.25 

0.06  ! 

-0.03  ! 

0.01  ! 

! DPL  ! 

0.01  ! 

0.07  ! 

0.00  ! 

0.25 

0.06  ! 

-0.03  ! 

0.01  ! 

! DSHSM  ! 

-2.10  ! 

-2.15  ! 

-1.97  ! 

-2.17 

-1.75  ! 

-1.94  ! 

-2.27  ! 

! DPLSM  ! 

-2.10  ! 

-2.15  ! 

-1.97  ! 

-2.17 

-1.75  ! 

-1.94  ! 

-2.27  ! 

! !!!!!! 


296 

-O.OB 

-0.05 

-2.18 

-2.18 


EXMPL  # 

200  ! 

216  ! 

232  ! 

248 

' 

264  ! 

1 

280 

DSH 

-0.05  ! 

0.03  ! 

0.11  ! 

0.21 

-0.03 

0.09 

DPL 

-0.05  ! 

0.03  ! 

0.11  ! 

0.21 

-0.03 

0.09 

DSHSM 

-2.03  ! 

-2.03  ! 

-1.76  ! 

-2.08 

-1.72 

-1.69 

DPLSM 

-2.03  ! 

-2.03  ! 

-1.76  ! 

-2.08 

-1.72 

-1.69 

j ! 
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EXMPL 

# 

201  ! 

217  ! 

233  ! 

249  ! 

265  ! 
1 

281  ! 

1 

297 

! 

1 

DSH 

-0.01  ! 

0.11  ! 

0.04  ! 

0.91  ! 

-0.01  ! 

-0.01  ! 

0.19 

! 

DPL 

-0.01  ! 

0.11  ! 

0.04  ! 

0.91  ! 

-0.01  ! 

-0.01  ! 

0.19 

1 

DSHSM 

-2.15  ! 

-2.15  ! 

-1.97  ! 

-1.55  ! 

-1.85  ! 

-1.96  ! 

-2.14 

j 

DPLSM 

-2.15  ! 
! 

-2.15  ! 
! 

-1.97  ! 
1 

-1.55  ! 
! 

-1.85  ! 
1 

-1.96  ! 
1 

-2.14 

! 

! 

! 

EXMPL 

# 

202  ! 

218  ! 

234  ! 

260  ! 
1 

266  ! 
I 

282  ! 

298 

! 

\ 

j 

DSH 

-0.08  ! 

0.12  ! 

0.02 

0.24  ! 

0.10  ! 

-0.03  ! 

0.02 

j 

! 

DPL 

-0.08  ! 

0.12 

0.02 

0.24 

-0.44 

-0.03  ! 

0.02 

j 

DSHSM 

-2.28  ! 

-2.20 

-2.03 

-2.27 

-1.80 

-2.00  ! 

-2.36 

1 

DPLSM 

-2.28  ! 
1 

-2.20  ! 
1 

-2.03  ! 
! 

-2.27  ! 
1 

-2.36  ! 
! 

-2.00  ! 

-2.36 

I 

j 

EXMPL 

# 

203 

219 

235 

251 

267 

283  ! 

299 

1 

1 

DSH 

-0.09 

0.05 

-0.11 

0.62 

-0.03 

-0.08  ! 

-0.06 

! 

DPL 

-0.09 

0.05 

-0.11 

0.62 

-0.03 

-0.08  ! 

-0.06 

1 

DSHSM 

-2.37 

-2.37 

-2.22 

-1.98 

-1.99 

-2.15  ! 

-2.55 

1 

DPLSM 

-2.37 

-2.37 

-2.22 

-1.98 

-1.99 

-2.15  ! 
1 

-2.66 

1 

! 

EXMPL 

# 

204 

220 

236 

252 

268 

284 

300 

I 

1 

DSH 

0.05 

0.01 

-0.06 

0.26 

0.06 

-0.02 

0.06 

1 

DPL 

0.05 

0.01 

-0.06 

0.26 

0.06 

-0.02 

0.06 

i 

! 

DSHSM 

-1.93 

-2.05 

-1.92 

-2.03 

-1.62 

-1.80 

-2.09 

i 

DPLSM 

-1.93 

-2.05 

-1.92 

-2.03 

-1.62 

-1.80 

-2.09 
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EXMPL 

# 

205  ! 

221  ! 

237  ! 

253  ! 

269 

j 

285  ! 

301 

j 

1 

DSH 

0.03  ! 

-0.02  ! 

0.07  ! 

0.24  ! 

-0.07 

! 

-0.07  ! 

0.01 

! 

DPL 

0.03  ! 

-0.02  ! 

0.07  ! 

0.24  ! 

-0.07 

1 

-0.07  ! 

0.01 

1 

DSHSM 

-2.04  ! 

-2.19  ! 

-1.87  ! 

-2.14  ! 

-1.85 

! 

-1.94  ! 

-2.22 

1 

DPLSM 

-2.04  ! 
! 

-2.19  ! 
! 

-1.87  ! 
1 

-2.14  ! 
! 

-1.85 

! 

1 

-1.94  ! 

-2.22 

! 

! 

1 

EXMPL 

# 

206  ! 

222  ! 

238  ! 

254  ! 

270 

! 

1 

286  ! 

302 

j 

1 

! 

DSH 

0.16  ! 

0.07  ! 

0.09  ! 

0.80  ! 

-0.02 

1 

-0.01  ! 

0.14 

! 

! 

DPL 

0.16  ! 

0.07  ! 

0.09  ! 

0.80  ! 

-0.14 

! 

-0.01  ! 

0.14 

! 

DSHSM 

-1.91  ! 

-2.09 

-1.86  ! 

-1.57 

-1.80 

-1.86  ! 

-2.08 

! 

DPLSM 

-1.91  ! 

-2.09  ! 
1 

-1.86  ! 

-1.57  ! 
1 

-1.93 

-1.86  ! 

-2.08 

1 

1 

EXMPL 

# 

207  ! 

223 

239  ! 

255 

271 

287 

303 

! 

1 

DSH 

0.02  ! 

0.14 

0.02  ! 

1.57 

0.02 

-0.09 

0.37 

1 

DPL 

0.02  ! 

-0.52 

0.02  ! 

1.57 

0.02 

-0.09 

-1.42 

! 

DSHSM 

-2.14  ! 

-2.12 

-2.00  ! 

-0.88 

-1.83 

-2.04 

-1.97 

j 

DPLSM 

-2.14  ! 

-2.78 

-2.00  ! 

1 

-0.88 

-1.83 

-2.04 

-3.76 

j 

! 

! 

EXMPL 

# 

208 

224 

240 

256 

272 

288  ! 
1 

304 

1 

1 

DSH 

0.02 

-0.05 

0.10 

0.60 

0.03 

1 

-0.01 

-0.01 

! 

DPL 

0.02 

-0.05 

0.10 

0.60 

0.03 

j 

-0.01 

-0.01 

1 

DSHSM 

-1.99 

-2.15 

-1.78 

-1.72 

-1.69 

! 

-1.82 

-2.19 

I 

I 

! 

DPLSM 

-1.99 

-2.15 

-1.78 

-1.72 

-1.69 

1 

1 

-1.82  ! 
! 

-2.19 
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j 

EXMPL 

# 

209  ! 

225  ! 

241  ! 

257  ! 

273  ! 
1 

289  ! 

305 

j 

1 

j 

DSH 

-0.01  ! 

0.06  ! 

-0.01  ! 

0.23  ! 

-0.05  ! 

0.03  ! 

-0.06 

1 

j 

DPL 

-0.01  ! 

0.06  ! 

-0.01  ! 

0.23  ! 

-0.05  ! 

0.03  ! 

-0.06 

1 

! 

DSHSM 

-2.05  ! 

-2.06  ! 

-1.93  ! 

-2.13  ! 

-1.79  ! 

-1.80  ! 

-2.26 

j 

1 

1 

DPLSM 

-2.05  ! 
! 

-2.06  ! 

i 

-1.93  ! 

-2.13  ! 
! 

-1.79  ! 
1 

-1.80  ! 

-2.26 

! 

i 

i 

EXMPL 

# 

210  ! 

226  ! 

242  ! 

258  ! 

274  ! 
1 

290  ! 

306 

1 

1 

1 

DSH 

0.24  ! 

0.52 

0.09  ! 

4.41  ! 

0.02  ! 

0.10  ! 

0.58 

1 

1 

DPL 

0.24  ! 

0.52 

0.09 

1.13  ! 

0.02  ! 

0.10  ! 

-1.27 

j 

DSHSM 

-2.52  ! 

-2.36 

-2.50 

1.19  ! 

-2.35 

-2.39  ! 

-2.40 

j 

DPLSM 

-2.52  ! 

-2.36  ! 
1 

-2.50  ! 
! 

-2.08  ! 

-2.35  ! 
! 

-2.39  ! 

-4.25 

1 

1 

EXMPL 

# 

211  ! 

227 

243 

259  ! 

275  ! 
1 

291  ! 
1 

307 

! 

1 

! 

DSH 

-0.05  ! 

0.32 

0.03 

1.32  ! 

-0.09 

0.21  ! 

0.28 

1 

DPL 

-0.05  ! 

0.32 

0.03 

1.32  ! 

-0.09 

0.21  ! 

-0.42 

! 

DSHSM 

-2.62  ! 

-2.40 

-2.37 

-1.61  ! 

-2.31 

-2.13  ! 

-2.51 

1 

DPLSM 

-2.62  ! 

-2.40 

-2.37 

-1.61  ! 

-2.31 

-2.13  ! 
! 

-3.21 

! 

1 

EXMPL 

# 

212  ! 

228 

244 

260  ! 

276 

292 

308 

! 

1 

DSH 

0.04  ! 

0.07 

0.08 

0.56  ! 

0.06 

0.06 

0.05 

1 

DPL 

0.04  ! 

0.07 

0.08 

0.56  ! 

0.06 

0.06 

0.05 

1 

1 

DSHSM 

-2.00  ! 

-2.07 

-1.84 

-1.79  ! 

-1.70 

-1.79 

-2.17 

1 

1 

1 

DPLSM 

-2.00  ! 

-2.07 

-1.84 

-1.79  ! 
! 

-1.70 

-1.79 

-2.17 

1 
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D.3  Percentage  Difference  Between  the  STANDARD  DEVIATION  of 
the  MONTE  CARLO  Simulation  and  the  DSH,  PPL,  DSHSM  and 
DPLSM  Heuristics  for  the  4 Queue  Model  25  Examples 


EXMPL  # 1 

1 

! 29 

DSH 

-2.72 

! -3.80 

DPL 

-18.61 

1-22.94 

DSHSM 

-3.05 

! -4.04 

DPLSM 

-10.95 

i-17.60 

1 

EXMPL  # 

2 

! 30 

DSH 

-8.31 

! -9.62 

DPL 

-19.78 

1-15.28 

DSHSM 

-8.46 

! -9.73 

DPLSM 

-12.11 

! -9.25 
! 

EXMPL  # 

3 

! 31 

DSH 

-8.99 

! -1.10 

DPL 

-16.97 

! -0.77 

DSHSM 

-2.22 

! 3.52 

DPLSM 

-10.69 

! 3.87 

! 

EXMPL  # 

4 

! 32 

DSH 

0.79 

! 1.30 

DPL 

-2.69 

! -1.04 

DSHSM 

0.65 

! 1.21 

DPLSM 

0.79 

! 1.30 

57  ! 85  ! 113  ! 141  ! 169 

! ! ! ! 

-4.18  ! -7.26  ! -0.24  ! -5.36  ! -2.50 

16.86  1-20.64  1-14.34  1-26.35  1-16.74 

2.40  ! -5.59  ! -2.88 

-8.70  1-21.87  ! -7.88 

I I 


58  ! 86  ! 

! ! 
-6.05  1-12.67  ! 


114  ! 142  ! 170  ! 

! ! ! 

-4.72  1-10.59  ! -7.64  ! 

10.15  1-22.68  1-18.05  ! 

-3.36  1-10.69  ! -7.79  ! 


59  ! 


87  ! 


115 


31  ! -5.17  ! 2.71 

3.87  ! -6.87  1-13.31  1 -5.79 

I 


I 


I 


143  1 171 

! 

-4.32  1-13.77 
-2.63  1-18.95 
-0.48  1 -6.31 
1.27  1-11.83 

I 


60  1 
I 


88 


-5.01  1 
-8.89  1 
-3.35  1 
-5.01 


4.67 
7.81 
1 -4.81 
1 -4.67 


I 


116 

0.92 

-1.62 

2.00 

0.92 


144 


172 


1.24  1 
-0.79  1 


-7.00 
12.35 
1.15  1 -7.22 
1.24  1 -7.00 

I 
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1 

EXMPL  # 

5 ! 

33 

61 

89 

117  ! 

145 

! 173 

1 

j 

1 

j 

DSH 

-12.42  ! 

-1.66 

-8.95 

-22.99 

-5.54  ! 

-7.39 

1-12.69 

I 

! 

DPL 

-17.72  ! 

-1.66 

1-12.32 

-22.99 

-10.90  ! 

-7.39 

1-16.91 

! 

1 

DSHSM 

-8.02  ! 

1.30 

-2.74 

-20.70 

0.26  ! 

-6.84 

1 -8.13 

! 

j 

1 

DPLSM 

-13.53  ! 

j 

1.30 

! -6.30  * 
1 

-20.70 

-5.39  ! 
! 

-6.84 

i-11.49 

1 

i 

1 

j 

EXMPL  # 

6 ! 

34 

! 62 

90 

118  ! 

146 

1 174 

1 

! 

1 

DSH 

-5.30  ! 

3.39 

1-16.03 

-15.95 

2.58  ! 

-0.29 

1-24.66 

1 

DPL 

-10.27 

0.17 

1-17.27 

-20.32 

1.82  ! 

-3.11 

1-32.46 

! 

DSHSM 

-5.39 

3.33 

1-14.78 

-16.04 

3.35  ! 

-0.35 

1-24.80 

1 

DPLSM 

-5.30  ! 
1 

3.39 

1-17.92 

1 

-15.95 

! 1.42  ! 

) j 

-0.29 

!-24,65 

! 

1 

1 

! 

EXMPL  # 

7 

35 

! 63 

91 

! 119  ! 

1 1 

147 

! 175 

{ 

! 

1 

DSH 

-1.79 

4.72 

1-17.09 

-4.06 

! -1.80  ! 

3.92 

1-17.95 

j 

DPL 

-1.79 

4.72 

1-17.09 

-4.06 

! -1.80  ! 

3.92 

1-17.96 

1 

DSHSM 

2.19 

7.32 

! -9.54 

-0.77 

! 3.06! 

6.06 

1-11.76 

1 

DPLSM 

2.19 

7.32 

! -9.54 
1 

-0.77 

! 3.06! 

1 ! 

6.06 

1-11.76 

! 

1 

j 

EXMPL  # 

8 

36 

! 64 

92 

! 120  ! 

148 

! 176 

1 

i 

1 

DSH 

-5.78 

6.42 

1-19.47 

-8.92 

! -1.88  ! 

1.66 

1-23.23 

1 

DPL 

-5.78 

6.42 

I-17.56 

-8.92 

! -1.88  ! 

1.66 

1-23.23 

! 

1 

DSHSM 

-2.77 

8.33 

1-13.28 

-7.39 

! 2.12  ! 

2.68 

1-18.66 

1 

DPLSM 

-2.77 

8.33 

1-11.26 

-7.39 

! 2.12  ! 

2.68 

1-18.66 

1 

!!!!!!! 
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EXMPL 

# 

g 

37  ! 

65 

! 93 

121 

j 

\ 

149 

! 177 

1 

1 

1 

DSH 

-9.03 

1-10.39  ! 

-10.10 

1-12.58 

-6.89 

1 - 

12.50 

1-11.64 

1 

DPL 

-17.24 

-9.61  ! 

-8.01 

1-18.14 

-6.28 

t - 

14.86 

1-19.19 

1 

DSHSM 

-9.14 

1-10.47  ! 

-7.78 

1-12.66 

-4.73 

!- 

12.57 

I-11.76 

1 

DPLSM 

-11.72 

! -5.10  ! 
1 ! 

-9.68 

1-14.51 

j 

-7.81 

! - 
1 

11.35 

1-13.28 

1 

j 

! 

EXMPL 

# 

10 

! 38 

66 

! 94 

122 

! 

150 

! 178 

1 

1 

1 

DSH 

-10.58 

! -2.25 

-11.38 

I-12.61 

1-10.45 

1 

-2.30 

1-12.33 

! 

DPL 

-16.30 

! 2.65 

-14.95 

1-18.27 

1-16.26 

! 

2.48 

1-15.87 

DSHSM 

-1.32 

! 4.08 

-0.46 

! -4.30 

-0.04 

! 

3.33 

! -2.56 

DPLSM 

-7.54 

! 9.31 

! 

-4.41 

*-10.39 

! 

! -6.42 
! 

i 

1 

8.41 

! -6.43 
! 

EXMPL 

# 

11 

! 39 

67 

! 95 

! 123 

1 

1 

151 

! 179 

1 

DSH 

-0.82 

! 1.84 

-3.56 

! -1.10 

! 1.48 

! 

0.79 

! -3.59 

DPL 

-3.31 

! 0.23 

-6.30 

! -3.26 

! -0.29 

! 

-0.63 

! -7.33 

DSHSM 

-0.92 

! 1.77 

-2.40 

! -1.20 

! 2.22 

1 

0.73 

! -3.74 

1 

DPLSM 

-0.82 

! 1.84 

1 

-3.56 

! -1.10 
! 

! 1.48 

1 

! 

! 

0.79 

! -3.59 
! 

j 

j 

EXMPL 

# 

12 

! 40 

68 

! 96 

! 124 

152 

! 180 
1 

1 

1 

DSH 

-10.50 

! 3.23 

-9.05 

1-24.00 

! -9.25 

-3.11 

1-12.96 

j 

DPL 

-13.91 

! 3.23 

-11.22 

1-24.00 

1-12.89 

! 

-3.11 

I-15.04 

! 

DSHSM 

-5.16 

! 6.74 

-1.39 

1-20.48 

! -1.77 

-0.84 

! -7.38 

1 

DPLSM 

-8.73 

! 6.74 

-3.72 

1-20.48 

! -5.66 

-0.84 

! -9.56 

1 
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j 

EXMPL 

# ! 

13  ! 

41 

69 

97  ! 

125  ! 

153 

00 

j 

! 

DSH 

-2.70  ! 

3.96 

-6.98 

-12.72  ! 

1.74  ! 

-0.90 

I-20.51 

! 

1 

DPL 

-5.86  ! 

1.89 

-4.13 

-15.47  ! 

3.63  ! 

-2.74 

1-25.46 

! 

1 

DSHSM 

-2.76  ! 

3.92 

-5.33 

-12.77  ! 

2.84  ! 

-0.94 

1-20.61 

! 

1 

j 

DPLSM 

-2.70  ! 
! 

3.96 

-5.33 

-12.72  ! 

2.84  ! 

j 

-0.90 

1-20.51 

j 

t 

i 

I 

EXMPL 

# ! 

14  ! 

42 

70 

98  ! 

126  ! 

154 

! 182 

1 

1 

DSH 

-0.95  ! 

3.75 

-15.93 

0.08  ! 

-1.54  ! 

4.69 

1-13.00 

! 

j 

DPL 

-0.95  ! 

3.75 

-15.93 

0.08  ! 

-1.54  ! 

4.69 

1-13.00 

! 

1 

DSHSM 

3.93  ! 

6.98 

-7.44 

4.40  ! 

3.94  ! 

7.57 

! -5.61 

1 

! 

DPLSM 

3.93  ! 
1 

6.98 

-7.44 

4.40  ! 

3.94  ! 
1 

7.57 

! -5.61 

j 

1 

! 

EXMPL 

# ! 

15  ! 

43 

71 

99  ! 

127  ! 

155 

! 183 

! 

DSH 

-5.64  ! 

6.36 

-17.84 

-14.03  ! 

-2.37  ! 

1.36 

1-25.77 

! 

DPL 

-5.64  ! 

6.36 

-18.47 

-14.03  ! 

-2.37  ! 

1.36 

1-26.38 

i 

DSHSM 

-3.14  ! 

7.96 

-11.71 

-12.99  ! 

1.70  ! 

2.03 

I-21.95 

1 

DPLSM 

-3.14  ! 
! 

7.96 

-12.37 

-13.16  ! 

1.70  ! 

1.92 

1-22.58 

1 

1 

1 

EXMPL 

# ! 

16  ! 

44 

72 

100  ! 

128  ! 

156 

! 184 

! 

DSH 

-5.26  ! 

6.66 

-21.72 

-9.68  ! 

-3.83  ! 

4.84 

1-23.53 

! 

DPL 

-5.26  ! 

6.66 

-22.35 

-9.68  ! 

-3.83  ! 

4.84 

1-24.13 

1 

DSHSM 

-0.46  ! 

9.71 

-12.88 

-6.24  ! 

1.96  ! 

7.04 

1-16.30 

1 

DPLSM 

-0.46  ! 

9.71 

-13.55 

-6.24  ! 

1.96  ! 

7.04 

1-16.94 

1 

j 

1 
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EXMPL  # 

17  ! 

45 

73 

101  ! 

129  ! 
1 

157 

! 185 

1 

DSH 

-0.67  ! 

1.60 

-11.24 

-4.69  ! 

1.86  ! 

2.95 

1-15.95 

DPL 

-0.67  ! 

1.60 

'-11.24 

-4.69  ! 

1.86  ! 

2.95 

1-15.95 

DSHSM 

1.71  ! 

3.23 

-6.37 

-3.44  ! 

5.03  ! 

3.78 

1-12.28 

DPLSM 

1.71  ! 
1 

3.23 

-6.37 

* -3.44  ! 
! ) 

5.03  ! 
! 

3.78 

1-12,28 

j 

EXMPL  # 

18  ! 

46 

74 

102  ! 

130  ! 

I 

158 

! 186 

1 

DSH 

-6.48  ! 

9.11 

1-18.02 

1-13.17  ! 

-3.32  ! 

5.09 

1-22.28 

DPL 

-6.48  ! 

9.11 

1-20.37 

1-13.17  ! 

-3.32  ! 

5.09 

1-24.53 

DSHSM 

-2.34  ! 

11.67 

! -9.73 

I-10.51  ! 

2.28  ! 

6.76 

1-16.24 

DPLSM 

-2.34  ! 
! 

11.67 

I-12.26 

i 

1-10.51  ! 
! ! 

2.28  ! 

i 

6.76 

i-18.61 

1 

EXMPL  # 

19 

47 

! 75 

! 103  ! 

131  ! 

159 

! 187 

1 

DSH 

0.02 

3.59 

1-16.62 

! -6.62  ! 

3.07  ! 

1.42 

1-21.74 

DPL 

0.02 

3.59 

1-16.62 

! -6.62  ! 

3.07  ! 

1.42 

1-21.74 

DSHSM 

2.05 

4.98 

1-11.36 

! -5.77  ! 

6.32  ! 

2.00 

1-18.50 

DPLSM 

2.05 

4.98 

I-11.36 

! 

! -5.91  ! 
1 ! 

6.32  ! 

1 

1.90 

1-18.50 

1 

EXMPL  # 

20 

48 

! 76 

! 104  ! 

132  ! 

1 

160 

! 188 

1 

DSH 

-1.09 

5.24 

1-17.94 

! -4.22  ! 

-0.25  ! 

3.39 

1-20.44 

DPL 

-1.09 

5.24 

1-17.94 

! -4.22  ! 

-0.25  ! 

3.39 

1-20.44 

DSHSM 

2.84 

7.85 

1-10.49 

! -1.40  ! 

4.50  ! 

5.28 

1-14.26 

DPLSM 

2.84 

7.85 

1-10.49 

! -1.40  ! 

4.50  ! 

5.28 

1-14.26 

! EXMPL  # ! 

21  ! 

49 

77  ! 

105  1 

CO 

CO 

161 

00 

CO 

! DSH  ! 

-2.75  ! 

7.30 

1-20.67  ! 

-6.67  1 

1.46  1 

0.07 

1-21.92  ! 

! DPL  ! 

-2.75  ! 

7.30 

1-20.67  ! 

-6.67  1 

1.46  1 

0.07 

1-21.92  ! 

! DSHSM  ! 

0.74  ! 

9.55 

CO 

1 

-4.45  1 

6.08  1 

1.60 

1-16.54  ! 

! DPLSM  ! 

) ! 

0.74  ! 

i 

9.55 

1-13.17  ! 
1 ! 

-4.45  1 
! 

6.08  1 
1 

1.60 

1-16.B4  ! 
1 1 

! EXMPL  # ! 

22  ! 

50 

00 

106  1 
1 

134  1 

162 

! 190  ! 

1 1 

! DSH  ! 

-1.43  ! 

6.34 

1-19.52 

-6.56  1 

0.21  1 

2.39 

1-23.00  ! 

! DPL  ! 

-1.43  ! 

6.34 

1-15.57 

-6.56  1 

0.21  1 

2.39 

1-23.00  ! 

! DSHSM  ! 

1.87  ! 

8.52 

1-12.81 

-4.29  1 

4.45  1 

3.92 

1-17.80  ! 

! DPLSM  ! 

1.87  ! 
! 

8.52 

! -8.62  ! 
! 1 

-4.29  ! 
! 

4.45  1 

I 

3.92 

I-17.80  ! 
1 1 

! EXMPL  # ! 

23  ! 

51 

1 79 

107  1 

135  1 

1 

163 

! 191  ! 

1 1 

! DSH  ! 

-0.65  ! 

6.72 

1-20.69 

-6.91  1 

1.59  1 

2.96 

1-21.47  ! 

! DPL  ! 

-0.65  ! 

6.72 

1-20.69 

-6.91  1 

1.59  1 

2.96 

1-21.47  ! 

! DSHSM  ! 

2.92  ! 

9.07 

1-13.51 

-4.27  1 

6.00  1 

4.70 

1-15.84  1 

! DPLSM  ! 

! ! 

2.92  ! 

9.07 

1-13.51 

! 

-4.27  1 

I 

6.00  ! 
! 

4.70 

1-15.84  I 
1 1 

! EXMPL  # 

24  ! 

52 

1 80 

108  1 

136  1 
1 

164 

! 192  ! 

1 1 

! DSH 

-0.96  ! 

3.53 

1-19.89 

-8.05  1 

1.22  1 

0.55 

1-24.63  1 

! DPL 

-0.96  ! 

3.53 

1-19.89 

-8.05  1 

1.22  1 

0.55 

1-24.63  1 

! DSHSM 

2.04  ! 

5.57 

1-13.07 

-6.25  1 

5.44  1 

1.76 

1-19.81  1 

! DPLSM 

2.04  ! 

5.57 

1-13.07 

-6.25  1 

5.44  1 

1.76 

1-19.81  1 

! ! ! ! ! 
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j 

EXMPL 

# ! 

25  ! 

53 

81  ! 

109  ! 

137  ! 
1 

165 

! 193 

1 

1 

I 

DSH 

1 

-2.03  ! 

7.10 

1-22.73  ! 

-6.38  ! 

-0.42  ! 

1.09 

1-24.20 

! 

1 

DPL 

! 

-2.03  ! 

7.10 

1-20.27  ! 

-6.38  ! 

-0.42  ! 

1.09 

1-24.20 

1 

! 

DSHSM 

1 

1.59  ! 

9.46 

1-14.81  ! 

-4.08  ! 

4.51  ! 

2.67 

1-18.51 

j 

I 

1 

DPLSM 

j 

! 

1.59  ! 
! 

9.46 

I-12.16  ! 
1 ! 

-4.08  ! 
! 

4.51  ! 

2.67 

i-18.51 

1 

! 

1 

EXMPL 

# ! 

26  ! 

54 

! 82  ! 

no  ! 

138  ! 

1 

166 

! 194 

! 

1 

DSH 

-0.46  ! 

5.07 

1-17.32  ! 

-4.72  ! 

3.53  ! 

3.94 

1-22.66 

1 

DPL 

-0.46  ! 

5.07 

1-17.32  ! 

-4.72 

3.53  ! 

3.94 

1-22.66 

1 

DSHSM 

2.66  ! 

7.16 

1-11.00  ! 

-2.59 

7.42  ! 

5.38 

1-17.67 

I 

DPLSM 

2.66  ! 
! 

7.16 

l-ll.OO  ! 
! ! 

-2.59  ! 
! 

7.42  ! 

I 

5.38 

1-17.67 

1 

1 

1 

EXMPL 

# ! 

27  ! 

55 

! 83 

Ill 

139  ! 

I 

167 

1 195 

1 

1 

1 

DSH 

-3.22  ! 

4.89 

1-21.42 

-6.68 

0.68  ! 

2.97 

1-24.63 

1 

! 

DPL 

-3.22  ! 

4.89 

1-18.25 

-6.68 

0.68  ! 

2.97 

1-24.63 

1 

! 

DSHSM 

0.62  ! 

7.41 

1-13.91 

-3.94 

5.35  ! 

4.80 

1-18.63 

j 

! 

DPLSM 

0.62  ! 

7.41 

I-10.52 

! 

-3.94 

5.35  ! 
1 

4.80 

1-18.63 

! 

1 

! 

! 

EXMPL 

# 

28  ! 

56 

! 84 

112 

140  ! 

1 

168 

1 196 

1 

1 

1 

1 

DSH 

-3.80  ! 

6.92 

1-19.34 

-9.53 

0.43  ! 

1.97 

1-27.44 

1 

! 

DPL 

-3.80  ! 

6.92 

1-16.19 

-9.53 

0.43  ! 

1.97 

1-27.44 

1 

1 

DSHSM 

-0.58  ! 

8.98 

1-12.27 

-7.63 

4.90  ! 

3.22 

1-22.32 

1 

j 

DPLSM 

-0.58  ! 

8.98 

! -8.92 

1 

-7.63 

4.90  ! 
! 

3.22 

1-22.32 

1 
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D.4  Percentage  Difference  Between  the  STANDARD  DEVIATION  of 
the  MONTE  CARLO  Simulation  and  the  DSH,  PPL,  DSHSM  and 
DPLSM  Heuristics  for  the  8 Queue  Model  45  Examples 


EXMPL  # 

197  ! 

213 

1 

229 

! 245 

1 

261  ! 

277  ! 

293 

DSH 

1.74  ! 

-5.59 

4.27 

1-13.52 

4.47  ! 

-0.22  ! 

-6.65 

DPL 

1.74  ! 

-5.59 

4.27 

1-13.52 

4.47  ! 

-0.22  ! 

-6.65 

DSHSM 

10.55 

3.57 

12.72 

! -1.01 

11.21  ! 

7.35  ! 

3.28 

DPLSM 

10.55 

3.57 

12.72 

! -1.01 

11.21  ! 

7.35  ! 

3.28 

!!!!!!!! 


! EXMPL  # ! 

j ! 

! DSH  ! 

! DPL  ! 

! DSHSM  ! 

! DPLSM  ! 

! ! 


EXMPL  # 

DSH 

DPL 

DSHSM 

DPLSM 


198 

214  ! 

230 

! 246  ! 

262 

j 

1 

278  * 
\ 

294 

1.18 

1-14.21 

6.39 

1-26.65  ! 

4.07 

I 

0.97 

-14.07 

1.18 

1-14.21 

6.39 

1-26.65 

4.07 

1 

0.97 

-14.07 

8.05 

! -4.30 

14.89 

1-12.52 

10.97 

! 

8.52 

-3.44 

8.05 

! -4.30  ! 
! ! 

14.89 

1-12.52  ! 

j ! 

10.97 

i 

! 

8,52 

-3.44 

199 

! 215 

231 

! 247 

263 

1 

1 

279 

295 

1 

0.70 

! -4.56 

5.81 

1-10.44 

3.38 

! 

2.36 

-5.36 

1 

0.70 

! -4.56 

5.81 

1-10.44 

3.38 

! 

2.36 

-5.36 

! 

9.76 

! 4.87 

14.16 

! 1.82 

10.44 

1 

9.93 

4.82 

! 

9.76 

! 4.87 

14.16 

! 1.82 

10.44 

1 

9.93 

4.82 

i 

! ! ! ! 


EXMPL  # 

i 

1 

200 

1 

216 

1 

232  ! 

248 

j 

1 

264  ! 

280  ! 
1 

296 

DSH 

1 

! 

0.57  1 

-5.75 

5.13  ! 

-7.29 

1 

3.08  ! 

< 

-0.56 

-8.20 

DPL 

! 

0.57 

-5.75 

5.13  ! 

-7.29 

! 

3.08  ! 

-0.56 

-8.20 

DSHSM 

! 

8.87 

2.76  ' 

13.00  ! 

3.75 

1 

9.37  ! 

6.43 

1.19 

DPLSM 

1 

i 

8.87 

2.76 

13.00  ! 

3.75 

j 

! 

9.37  ! 

6.43 

1.19 
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EXMPL  # 

! 201 

! 217 

1 

233 

! 249 

1 

265  ! 

281 

! 297 

1 

DSH 

! -0.96 

I-10.2S 

3.37 

1-21.51 

4.04  ! 

1.48 

! 

1-10.00 

DPI 

! -0.96 

1-10.25 

3.37 

1-21.51 

4.04  ! 

1.48 

1-10.00 

DSHSM 

! 8.63 

! 0.03 

12.36 

! -7.53 

11.29  ! 

9.39 

! 0.96 

DPLSM 

! 8.63 

! 0.03 

12.36 

! -7.53 

11.29  ! 

9.39 

! 0.96 

EXMPL 

# 

202  ! 

218  ! 

234 

250 

1 

1 

266  ! 

1 

282 

298  ! 
1 

DSH 

0.47  ! 

-8.08  ! 

6.36 

-9.27 

1 

2.46  ! 

3.40 

-4.79  ! 

DPL 

0.47  ! 

-8.08  ! 

6.36 

-9.27 

1 

2.46  ! 

3.40 

-4.79  ! 

DSHSM 

9.08  ! 

1.09  ! 

14.30 

2.20 

! 

9.13  ! 

10.40 

4.72  ! 

DPLSM 

9.08  ! 

1.09  ! 
! 

14.30 

2.20 

1 

8.75  ! 
1 

10.40 

4.72  ! 
! 

EXMPL 

# 

203  ! 

219 

235 

251 

267  ! 
1 

283 

299  ! 
1 

DSH 

1.26  ! 

-6.42 

4.74 

-18.35 

4.92 

0.92 

! 

-9.35  ! 

DPL 

1.26  ! 

-6.42 

4.74 

-15.18 

4.92 

0.92 

! 

-8.82  ! 

DSHSM 

10.81  ! 

3.89 

13.59 

-4.51 

12.34 

9.12 

! 

1.74  ! 

DPLSM 

10.81  ! 
1 

3.89 

13.59 

-4.51 

12.34 

9.12 

1 

1 

1.74  ! 
1 

EXMPL 

# 

204 

220 

236 

252 

268 

284 

1 

1 

300  ! 
1 

DSH 

1.37  ' 

-6.47 

6.49 

-9.76 

6.35 

1.09 

! 

-10.15  ! 

DPL 

1.37  1 

-6.47 

6.49 

-6.57 

6.35 

1.09 

1 

-9.41  ! 

DSHSM 

9.76 

2.20 

14.37 

1.81 

! 

12.54 

8.15 

1 

-0.40  ! 

DPLSM 

9.76 

2.20 

14.37 

1.81 

! 

12.54 

8.15 
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